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ABSTRACT 
Wind energy, one of the most promising sources of clean energy, has 
developed rapidly over the last two decades. Wind turbines (WT) are arguably 
clean during operation, offering minimal pollution and zero CO2 emissions, but 
significant amounts of energy are used and CO2 emitted during their 
manufacture, and, furthermore, the turbines are environmentally problematic at 
end-of-life (EoL), especially the blades. WT blades are mainly made with 
composite materials comprising thermosetting resin and glass fibre. They are 
lightweight and strong but problematic to recycle. Large volumes of waste will 
be generated when these WT blades are decommissioned and environmental 
concerns have been raised. The main aim of this study is to understand the 
environmental impact of wind turbine blades and to find solutions to reduce it. A 
quantitative method is adopted, first evaluating the WT blade waste inventory 
then calculating its environmental impact, and finally analysing the differences 
between all possible EoL options in terms of environmental and financial 
performance.  
 
The results firstly identify the global wind turbine blade waste inventory with 
detailed generation time and location which could help policy makers to gain an 
understanding of the size and severity of this problem. Secondly, the outputs 
indicate where most impact is generated and identify what to prioritise to reduce 
waste and reduce environmental impact, which is of value to blade 
manufacturers and other stakeholders. Moreover, this work highlights previous 
incorrect assumptions and provides findings to build on for future work. Thirdly, 
‘optimal’ EoL options for the WT blade waste have been characterized: the 
current ‘optimal’ EoL option is life extension; mechanical recycling is the current 
‘optimal’ recycling option; chemical recycling will be the ‘optimal’ option for the 
future. Future research is suggested as aiming to improve the performance of 
recycled fibre or to reduce the energy consumption of recycling processes. 
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Chapter 1: Introduction 
   1 
1. INTRODUCTION 
1.1. Background 
Wind energy, one of the most promising sources of clean energy, has 
developed rapidly over the last two decades. Between 1996 and 2015, the 
installed capacity increased from 6,100 MW to 432,883 MW, a striking 71-fold 
growth (GWEC, 2013c, 2016). Wind energy is arguably clean during operation, 
offering minimal pollution and zero CO2 emissions, but significant amounts of 
energy are used and CO2 emitted during wind turbine manufacture (Martínez et 
al., 2010), and, furthermore, the turbines are environmentally problematic at 
end-of-life (EoL), especially the blades (Larsen, 2009). This is a challenge 
which is of increasing importance as established turbines begin to reach the 
end of their design lifetimes. 
 
A typical wind turbine (WT) has a foundation, a tower, a nacelle and three 
blades. As noted in the Introduction, the foundation is made from concrete; the 
tower is made from steel; the components in the nacelle are made mainly from 
steel and copper; the blades are made from composite materials (Vestas, 2006; 
Tremeac and Meunier, 2009; Guezuraga, Zauner and Pölz, 2012). Of these 
materials, the concrete and composites are the most environmentally 
problematic at end-of-life, since currently there are no established industrial 
recycling routes for them (Pimenta and Pinho, 2010; Ortegon, Nies and 
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Sutherland, 2012; Job, 2013). Composites blades are energy intensive to 
manufacture, are associated with a range of chemical usage and have a high 
value (around 20% of the total wind turbine cost), which means they have 
strong recycling potential in terms of both environmental and economic 
prospects. Currently, the main treatments for blades which are decommissioned 
or defective are stacking them on the ground or landfill disposal after size 
reduction. The wide scale commercialization of wind energy started in around 
the year 2000 and the designed lifetime of wind turbine blades is 20 years; the 
first batch of commercially operated wind turbines are now, therefore, facing 
their end-of-life. When these turbines start being decommissioned, the EoL 
waste will far outweigh the current manufacturing in-process waste (Albers, 
2009). With the rapid development of wind energy and the increasing rate of 
wind turbine installation, the blade waste problem will become increasingly 
serious. Both the industry and academia have raised concerns. It has been 
extensively discussed at wind energy industrial exhibitions and conferences 
(Larsen, 2009; EWEA, 2012), and much research has been undertaken on 
composite material recycling technologies (For example, Pickering 2006; 
Palmer et al. 2009; Bai et al. 2010; Yang et al. 2012; Oliveux et al. 2015; Keith 
et al. 2016). However, the size of problem in the future remains unclear and no 
solution has yet been recognized as a ‘good’ option.  
1.2. Problem faced and knowledge gap 
An analysis of the WT blade waste problem involves three major knowledge 
fields: wind turbine blade technology (manufacturing technologies, blade 
materials, blade development trends), waste management (waste inventories, 
ecological studies of EoL options, waste treatment policies) and composite 
recycling technologies (recycling technologies, costs and recyclate). Some 
studies start with the material consumption of the installed wind turbine blades 
and then roughly estimate the future blade waste inventory (Albers, 2009; 
Larsen and Petersen, 2014). Other research first undertakes an ecological 
study of wind energy and then calculates the lifecycle environmental impact of 
wind turbines (Lenzen and Munksgaard, 2002; Crawford, 2009; Tremeac and 
Meunier, 2009). Yet other research summarises the available composite 
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recycling technologies and lists their features, such as recyclate performance 
and the potential applications of the recyclate (Pickering, 2006; Job, 2014a; 
Oliveux, Dandy and Leeke, 2015).  A review of the literature reveals that all the 
previous research covers single aspects of the wind turbine blade waste 
problem, but that there is no research which addresses the blade waste 
problem systematically and comprehensively, from the size of problem, to its 
effects, to final solutions, in detail.  The literature review and interviews with WT 
blade industry stakeholders clearly indicate that people are aware that there will 
be a blade waste problem but do not know its exact size nor what can be done 
about it. This research aims to substantially reduce this knowledge gap. 
1.3. Research questions 
To achieve this, we systematically quantify the WT blade waste problem. 
Specifically, we do this in three steps. Firstly, we estimate the blade waste 
inventory by using the bill of materials (BOM), blade weight data and wind 
energy installed capacity data. From the waste inventory, we gain an 
understanding of the amount of waste, the types of waste and regional features. 
These data are to inform the development of the composite reuse/recycling 
supply chain and can be used as a reference for relevant recycling policy 
making. Secondly, we calculate the environmental impact of a blade over its 
lifetime: this could be thought of as finding out what these blades mean for the 
environment. This highlights the major environmental impacts and also provides 
the incentive to implement blade waste recycling while identifying the maximum 
achievable recycling potential. Thirdly, after quantifying the environmental 
impact, we ask what can be done: we analyse EoL options in order to 
understand the difference between their environmental benefits and financial 
performance and further to identify the ‘optimal’ option to the WT blade waste 
problem. 
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The key research questions are summarised below and the research content is 
presented in Figure 1.1. 
• Q1: What is the wind turbine blade waste inventory? 
• Q2: What is the lifetime environmental impact of wind turbine blades? 
• Q3: What are the differences between the possible EoL blade waste 
processing options? What is the ‘optimal’ EoL option for WT blades? 
 
Figure 1.1: Research question and contents covered in this research. 
1.4. Research objectives and methods  
Previous research has tried to quantify the blade waste inventory, but there are 
significant limitations to its accuracy (Albers, 2009). The research only 
considered EoL waste from installed blades, and therefore did not cover the 
waste that may be generated in other stages of the wind turbine blade lifetime, 
including manufacturing, operation and maintenance. Blade development trends 
were also not taken into consideration: upscaling, segmentation design (when 
blades are made in two sections to facilitate transportation particularly in 
mountainous areas), and carbon fibre usage may also impact the inventory.  
One of the objectives of our research is to provide an accurate answer to our 
first research question through an improved algorithm, as follows. Firstly, the 
BOM is used to estimate material usage in manufacturing. Blades are graded 
by size, and the effect of blade development is taken into account by 
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considering the differences in the amount of materials used in early stage 
experimental blades, current mainstream blades, and blades to be launched in 
the future. Next, an assessment of total life cycle waste is made, including 
manufacturing in-process waste, transportation waste, operation and 
maintenance (O&M) waste, and EoL waste. Following this, the difference in the 
development of wind power between regions is analysed, in order to understand 
when the waste is generated. Finally, we calculate the future global WT blade 
waste inventory, up to 2050.  
 
The second research question addresses the lifetime environmental impact of 
WT blades. Previous ecological research has treated the wind turbine as an 
entirety and calculated its impact as a whole. As the blade is only one 
component of this entity, the estimation of blade impact is approximate: the 
blade is modelled at 60%:40% of fibre to resin by weight (Schmidt, 2006; 
Eduardo Martínez et al., 2009; Garrett and Rønde, 2013). After initially 
analysing the BOM, the research in this thesis finds that besides the major 
materials (fibres and resin), there is another approximately 7% by weight of 
supporting materials, including the core materials in the sandwich structure, the 
paint on the shell and the bolts and embedded nuts at the blade root. Such 
extra materials and energy consumed during their manufacturing and also the 
environmental impact generated in the transportation and O&M stages of a 
blade’s lifetime were omitted in previous studies, and, furthermore, only one or 
two turbine models were considered. This sample size cannot provide a 
comprehensive overview of the problem as a blade has so many variations 
which lead to huge differences in blade size and thus environmental impact. 
Our research, therefore, in contrast, adopts 21 blade models and considers the 
environmental impact of all stages of the blade lifetime under a range of 
scenarios in order to overcome the weakness identified in previous studies and 
improve the accuracy of the analysis. We use the eco-audit approach, focussing 
on energy consumption and CO2 emissions as key variables. This approach is a 
relatively simple way to analyse blade lifetime impacts and is able to quickly 
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identify where the greatest impact is generated. Corresponding measures are 
then proposed to reduce the lifetime environmental impact. 
 
After evaluating the waste inventory and assessing the environmental impact of 
wind turbine blades, we turn to an analysis of end-of-life options. First, we 
compare all such options including conventional landfill disposal, incineration 
with energy recovery, matured composite recycling technologies and lab-scale 
recycling technologies in terms of their environmental impact and financial 
performance. Then, we identify the advantages and disadvantages, potential 
recycling benefits, and financial breakeven of these EoL options. Finally, we 
evaluate the feasibility of these options through discussion of regional features 
and blade type features, as these significantly impact optimal end-of-life 
choices. For example, the recycling technologies suitable for full glass fibre 
blades and full carbon fibre blades are different; and one technology may be 
unprofitable in Europe due to high labour costs, but profitable when moved to 
Asia. Our objective is to identify the ‘optimal’ EoL option for blade waste under 
different scenarios.  
 
The knowledge gained through this research is of potential benefit to a number 
of stakeholders. It can inform government policies to promote the development 
of WT blade waste recycling, identifying, for example, which EoL option would 
need financial support and how much subsidy would be necessary. 
Understanding the differences between them will enable decision-makers to 
assess which EoL option to choose. Within the blade industry, manufacturers 
can benefit from knowing how to reduce the environmental impact of the blade 
and which stage should be focused on to do so. Waste management or waste 
disposal contractors will know the volume of WT blade waste and its variation 
over time, which will aid planning. In the academic world, researchers have a 
clearer picture of the size of the problem, and of the issues which need to be 
addressed. We believe, therefore, that this research can potentially act as a 
valuable reference, and that it makes a real contribution to the wind power 
ecology field. 
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1.5. Thesis structure 
The remainder of this thesis is structured as follows. Chapter 2 introduces the 
relevant background information including wind power history, the structure of 
the wind turbine, the blade material, blade development trends and the 
recycling technologies of composite materials. The need for this study is 
identified, framing the contribution of this thesis, and the research questions are 
proposed. Chapter 3 briefly describes the research methods for each research 
question. Chapters 4, 5 and 6 take each of the research questions in turn, 
reviewing the literature, detailing the research methods and presenting the 
research findings for each. Chapter 4 therefore estimates the blade waste 
inventory; Chapter 5 discusses the lifetime environmental impact of blades; and 
Chapter 6 explains the differences between the EoL options in terms of their 
environmental impact and financial performance. Finally, Chapter 7 summarises 
the key findings and discusses the ‘optimal’ EoL solution, after which the 
limitations of this research and possibilities for future work are discussed. 
 
Part of this thesis has been published: 
1. November 2015, Conference paper: Liu, P. and Barlow, C.Y., 2015. An 
update for wind turbine blade waste inventory. In EWEA annual event and 
conference 2015, Paris, France. (For research question 1) 
2. September 2016, Conference paper: Liu, P. and Barlow, C.Y., 2016, July. 
The environmental impact of wind turbine blades. In IOP Conference Series: 
Materials Science and Engineering (Vol. 139, No. 1, p. 012032). IOP 
Publishing. (For research question 2) 
3. April 2017, Journal paper: Liu, P. and Barlow, C.Y., 2017. Wind turbine blade 
waste in 2050. Waste Management, 62, pp.229-240. (For research question 1) 
4. November 2017, Journal paper: Liu, P. and Barlow, C.Y., 2017. Lifecycle 
eco-audit of wind turbine blade. Journal of Cleaner Production. (For research 
question 2 and 3, under review) 
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2. RESEARCH BACKGROUND 
2.1. Introduction 
This study focuses on wind turbine blade waste, specifically on its waste 
inventory and environmental impact, and on a comparison of EoL options. As 
this has not previously been researched in detail, literature on this particular 
topic is limited. However, relevant information can be gathered from related 
fields including wind turbine blade technology, waste management, and 
composite recycling technologies. This chapter introduces the relevant 
information from these three fields focusing on those aspects related to wind 
turbine blade waste. First, the background to wind energy is covered, including 
the history of wind energy, wind turbine (WT) structure, wind turbine blade 
structure, blade materials and the development trends of WT blades. Then the 
waste management hierarchy and the possible end-of-life (EoL) options for WT 
blades are introduced. Subsequently, the current disposal route and difficulties 
of WT blades waste processing are discussed. Finally, the knowledge gap is 
highlighted.  
2.2. Wind energy background 
2.2.1. The history of wind energy 
The first research on commercial wind turbines was conducted by the National 
Aeronautics and Space Administration (NASA) with support from the United 
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States government from 1974 through to the 1980s.  During the 1980s, a total 
of 13 experimental turbines were built and tested in the US, using four major 
wind turbine designs (Wind Energy Foundation, 2016). At the start of the 1990s, 
a few wind farms started to supply power to local residents in the United States, 
Denmark and the United Kingdom. At this stage, the wind farms were small, the 
cost of electricity was high and the electricity supply was not stable (AeroForm 
ApS, 2012). Since 2000, as wind power technology has matured, the cost has 
reduced and stricter environmental protection regulations have been applied, 
and wind energy has experienced rapid development. The cumulative installed 
wind capacity dramatically increased from 17,400 MW in 2000 to 432,883 MW 
in 2015 (Figure 2.1, GWEC 2013a; GWEC 2016). The Global Wind Energy 
Council (GWEC) predicts the global annual growth rate of wind power to be 
more than 12% between 2013 and 2018 (GWEC, 2014b).  The European Wind 
Energy Association (EWEA) expects there to be 192 GW wind capacity 
supplying 14.9% of electricity in 2020 (EWEA, 2014). The International Energy 
Agency (IEA) also believes 15% to 18% of global electricity will be produced by 
wind energy by 2050 (IEA, 2011). The predictions are in agreement that wind 
energy will develop rapidly over the next few decades and provide a clean and 
bright future. 
 
Figure 2.1: Global cumulative installed wind capacity 2000-2015. Source:(GWEC, 2016). 
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2.2.2. Wind turbine components 
 
Figure 2.2: Major components in a modern wind turbine. Source: (U.S. Department of Energy, 2017). 
A modern wind turbine comprises a tower, a nacelle and two or three propeller-
like blades around a rotor. The rotor is connected to the main shaft, which spins 
a generator to create electricity. Figure 2.2 above provides a detailed view of 
the inside of a wind turbine and its components. The foundation is not shown in 
the illustration, but is made from concrete which locates into the bottom of tower 
and supports the whole structure (U.S. Department of Energy, 2017).  
 
The tower is made from steel; the electrical components in the nacelle are 
made mainly from metals; the nacelle shell is made from glass fibre reinforced 
polymer (GFRP); and the blades are made from fibre reinforced polymer (FRP), 
mainly reinforced with glass fibre and some carbon fibre (Vestas, 2006, 2010). 
As shown in Figure 2.3, if we disregard the foundation as the concrete is not 
sent to landfill and the value of such material is low, and we consider the wind 
turbine alone, the blades are the only major components that are currently 
extremely challenging to recycle. 
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Figure 2.3: Wind turbine materials. Coloured bar shows the amount of materials by weight. Foundation is 
under the tower and not shown in this figure. Modified from: (Cherrington et al., 2012). 
2.2.3. Wind turbine blade structure 
  
Figure 2.4: Left, blade with single shear web; Right, blade with double shear web and box spar. Source: 
(Gurit Composites, 2009c). 
The blade is the component that enables a wind turbine to harness the power of 
the wind. At present, the longest wind turbine blade, LM 88.4p, has a length of 
88.4 metres, which is longer than the wingspan of the largest airliner, the A380 
(80 m) (LM Wind Power, 2016). The rotor diameter is over 180 metres; the 
swap area over 25,000 m2 (Adwen, 2017); the tip speed over 90 ms-1 (LM Wind 
Power, 2016); and the fatigue requirement is higher than helicopter blades 
(Nijssen and Brøndsted, 2013). Under such a huge wind force and harsh 
conditions, the blade needs to be strong, durable and not too heavy (to avoid 
extra loading on the drive train). Through years of development, the modern 
wind power blade structure has an integral and thin-walled and multi-celled 
cantilever beam structure. As shown in Figure 2.4, the blade is typically hollow 
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and formed with two outer shells: one on the suction side and one on the 
pressure side. One or more shear webs are fitted to hold the two shells together 
and to transfer shear loads (Jensen and Barnner, 2013). Shell edges are joined 
with structural adhesive. Components of a typical blade are spar caps, shear 
webs, the aerodynamic shell, bondlines and the root connection (Figure 2.5). 
 
Figure 2.5: Inside structure of a wind turbine blade. Source: (Bayer AG, 2011). 
The spar caps are the most heavily loaded parts of the blade and are made of 
multiple layers of unidirectional fibre (UD) in the blade spanwise direction to 
overcome the strong bending load with tension in the upwind side and 
compression in the downwind side. In order to resist the aerodynamic bending 
moment, the spar caps are thickest at the root and tapered towards the tip. 
Stitched bi-axial or tri-axial fabrics are used in the sandwich structure of shear 
webs to carry the tension and compression and at the same time to keep the 
spar caps a constant distance apart (Gurit Composites, 2009c). Balsa wood and 
polyvinyl chloride (PVC) are used as core materials in the shear webs and 
aerodynamic shell to reduce weight and keep the shape of the outer shell 
(Jensen and Barnner, 2013). 
2.2.4. Wind turbine blade material 
Wind turbine blade materials have made revolutionary progress since they were 
first introduced. In 1941, the first wind turbine for electricity generation was built 
by the company S. Morgan-Smith in Vermont, USA. It was equipped with 
massive steel blades and the blades failed after a few hundred hours’ 
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intermittent operation (Mishnaevsky Jr., 2011). Subsequently, aluminium was 
tested as a blade material. Aluminium is light and easy to form into the desired 
airfoil shape, but high maintenance requirements and fatigue problems limited 
its development (Manwell, McGowan and Rogers, 2002). From the 1970s, fibre 
reinforced polymer (FRP) composite became the major material for wind turbine 
blades, substituting for metals, since the composite material is light (1200-2000 
kg/m3), has good geometrical freedom and good resilience against fatigue 
failure. Nowadays, modern wind turbine blades are made from a polymer 
composite reinforced with either glass fibre, or carbon fibre, or a hybrid 
combination of glass and carbon fibre (Collier 2011). Natural fibres including 
flax, hemp and bamboo also have been used on blades for research or testing 
purposes. 
2.2.4.1. Reinforcement fibres 
Glass fibre (GF) is the major reinforcement fibre used in the wind turbine blade 
principally due to its high performance-to-cost ratio. Glass fibre has relatively 
low stiffness compared to other common reinforcement fibres, such as silicon 
carbide, boron and carbon fibre, but GF fulfills the strength and stiffness 
requirements of wind turbine blades at only 1/10 the cost of carbon fibre (Chen, 
2013; Granta Design, 2016). The stiffness of E-glass fibre is between 72-76 
GPa with a strength of 1500-2500 MPa. The typical density is 2500 kg/m3 (Hull 
and Clyne, 1996). Recently, H-glass, with improved stiffness of 82-86 GPa, has 
also been introduced by a few manufacturers (Nijssen and Brøndsted, 2013).  
 
Carbon fibre (CF) is the second most common reinforcement fibre used in wind 
turbine blades as it offers high mechanical performance (see Table 2.2). Griffin 
& Ashwell found that utilising carbon fibre spar caps in a 60-metre blade could 
result in a 38% reduction in blade weight and a 14% decrease in cost (Griffin & 
Ashwill 2003, but this finding has not been widely accepted by the industry 
(Chen, 2013). The weight of the blade is reduced if the spar caps are made 
from CF since the specific strength and specific stiffness of CF are higher than 
GF. However, as the cost of spar cap materials is more than 60% of the total 
blade material cost (Nijssen and Brøndsted, 2013), and the cost of carbon fibre 
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is 10 to 15 times higher than glass fibre (Granta Design, 2014), the cost of a 
blade with a carbon fibre spar cap is much higher than that of a similar blade 
made with full glass fibre. This high cost is the major drawback limiting the 
widespread use of carbon fibre in wind turbine blades.  Glass fibre and carbon 
fibre share a common shortcoming: they are both energy intensive to 
manufacture, and hard to recycle once they have been made into a composite 
material (Joshi et al., 2004). 
 Synthetic fibres Natural fibres 
Properties Carbon fibre E-glass Flax Hemp Bamboo 
Density g/cm3 1.75-1.95 2.50 1.40 1.48 1.20 
Tensile strength/MPa 2400-3400 1500-2500 800-1500 550-900 400-500 
Young’s modulus/GPa 230-380 72-76 60-80 70 36 
Specific modulus/ 
GPa/g cm-3 
131-195 29 35 47 30 
Moisture absorption/% n/a n/a 1.2-1.6 1.6 5.2-7.6 
Table 2.1: Mechanical properties of common reinforcement fibres. Source: (Hull and Clyne, 1996; Shito, 
Okubo and Fujii, 2002; Wambua, Ivens and Verpoest, 2003; Nijssen and Brøndsted, 2013; Jena, Pradhan 
and Pandit, 2014). 
The possibility of using natural fibres such as jute, hemp and flax as an 
alternative to synthetic fibres has been investigated since natural fibres are 
light, cheap, abundant, biodegradable, and have a low manufacturing energy 
consumption (Wambua, Ivens and Verpoest, 2003). As shown in Table 2.1, flax 
fibre has a similar stiffness to that of GF and is around 40% lighter, which 
results in a good specific modulus. Another advantage of flax fibre is that it is 
cheaper compared to high performance synthetic fibres (Wambua, Ivens and 
Verpoest, 2003). However, the major disadvantage of natural fibres is their low 
tensile strength. Flax is the strongest fibre of those natural fibres that have been 
investigated. The tensile strength of flax is in the range of 800 to 1500 MPa 
which is lower than that of E-glass fibre. Moreover, the properties of natural 
fibres are highly dependent on the conditions of growth and therefore have high 
variability (Wambua, Ivens and Verpoest, 2003). It is very difficult to obtain 
consistent mechanical properties in large volume production. Besides this, 
natural fibres have a high moisture absorption rate, which requires an extra 
process of drying before laminating. The compatibility and wettability of natural 
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fibres with some polymer matrix materials are not as good as those of synthetic 
fibres, resulting in reduced performance of the final natural fibre reinforced 
composite (Joshi et al., 2004). 
2.2.4.2. Polymer matrix 
Materials Advantages Drawbacks 
Unsaturated polyester 
• Cheap 
• Matured manufacturing 
techniques; can be cured 
at room temperature 
• Poor mechanical performance 
• High shrinkage (up to 7%) 
• High moisture absorption 
• Emits small amounts of volatile 
organic compounds 
Vinyl ester • Intermediate cost, strength, shrinkage and failure strain 
Epoxy 
• Good mechanical 
performance 
• Low shrinkage (less than 
2%) 
• Good chemical resistance 
• Expensive 
• Needs to be cured under elevated 
temperatures 
• High viscosity 
Table 2.2: Features of resins commonly used in WT blades. 
Unsaturated polyester, vinylester and epoxy resin are the most commonly-used 
polymer matrices in WT blades (Brøndsted, Lilholt and Lystrup, 2005). 
Unsaturated polyester is a thermoset polymer which is capable of being cured 
under room temperature and has been used in WT blades since the beginning 
of the use of composites in blades because it is cheap and easy to process. 
However, unsaturated polyester has its drawbacks, including relatively poor 
mechanical performance, high shrinkage after curing, and high moisture 
absorption. The tensile strength of the polyester is 20% to 30% lower than that 
of epoxy resin (Figure 2.6) (SP systems, 2012). Its volumetric shrinkage is up to 
7%, compared to 2% for epoxy, which leads to low dimensional stability (Jia, 
2013). Its high moisture absorption makes the final product heavy which is 
undesirable for WT blades. Vinylester is a hybrid form of polyester and epoxy, 
which has intermediate cost and performance. The vinylester is used less often 
than polyester and epoxy resin in WT blades. Epoxy has a better mechanical 
performance and chemical resistance than polyester and vinylester but it is 
around 40% more expensive (Gurit Composites, 2012). As blade dimensions 
are being scaled up, the mechanical performance requirements for polymer 
matrix materials are becoming higher, and so epoxy is becoming more and 
more popular (Jia, 2013). Vinylester, polyester and epoxy are all thermosetting 
Reducing the Environmental Impact of Wind Turbine Blades 
16   
polymers which form cross-linked molecular networks (Gurit Composites, 2012). 
They cannot be remoulded after curing and it is hard to depolymerise the 
composites to the original constituents. 
 
Figure 2.6: Comparative tensile strength and modulus of resins (Gurit Composites, 2012). 
2.2.5. Wind turbine blade manufacturing processes 
The most commonly used technologies to produce wind turbine blades are wet 
lay-up/hand lay-up, vacuum assisted resin transfer molding (VARTM) and 
prepreg (Brøndsted, Lilholt and Lystrup, 2005). 
2.2.5.1. Wet lay-up and hand lay-up 
 
Figure 2.7: Schematic diagram of wet lay-up process  (Gurit Composites, 2012). 
Wet lay-up/hand lay-up (Figure 2.7) is the most common process used in the 
early stage of wind turbine blade production. The fibres, in the form of fabric, 
mat or roving, are placed in the mould tool and impregnated with resin by hand. 
The low tool cost and flexibility are the major advantages of this process. On the 
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other hand, as the resin is impregnated by hand, it is labour-intensive. Resin 
content is hard to control which could lead to potential weight and balance 
problems; the quality of the product is thus highly dependent on the skills of 
workers, and the product’s repeatability is not good (Energy Engineering Board, 
1991). Moreover, since the resin is open to air, there is a high risk of laminators 
having contact with the toxic resin, and health and safety considerations are 
therefore another disadvantage. Blade demand is increasing in both size and 
number, and this and stricter health and safety legislation has pushed blade 
manufacturing technologies away from wet processes towards prepreg and 
resin transfer molding technologies (Brøndsted, Lilholt and Lystrup, 2005). 
2.2.5.2. VARTM 
 
Figure 2.8: Schematic diagram of vacuum assisted resin transfer moulding process  (Gurit Composites, 
2012). 
As shown in Figure 2.8, the vacuum assisted resin transfer molding (VARTM) 
process is one of the most commonly used processes for blade manufacturing 
today. In the first step, the reinforcement fibre fabric is placed in the mould tool 
and covered by a vacuum bag (Grimsley, 2005). Then, the edges are sealed 
using sealant tapes. One pipe is then connected between the mould tool and 
resin inlet; another is connected to the vacuum pump. The vacuum reduces the 
pressure on one end of the reinforcement stack permitting the atmosphere to 
press the resin through the stack; the resin is simply ‘sucked’ from port to the 
mould (Gurit Composites, 2009a; Heider and W. Gillespie Jr., 2010). After this 
resin transfer, the mould tool is heated to 40 to 60 °C for 4-5 hours to cure the 
composite. The major advantages of VARTM are the low processing cost and 
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high volume fraction of fibre (resulting in better composite performance), and 
that it is easy to produce large scale components using this process. 
2.2.5.3. Prepreg 
 
Figure 2.9: Schematic diagram of pre-impregnation process (Gurit Composites, 2012). 
Prepreg (Figure 2.9) is another commonly-used technology in WT blade 
production. It is an abbreviation for “pre impregnation”, where the reinforcing 
fibre fabric is impregnated with resin by the supplier. In the blade manufacturing 
process, the prepreg fibre fabric is firstly placed in a mould tool and covered 
with vacuum films. Then, the reinforcement stack is connected to a vacuum 
pump to remove the air trapped between reinforcement sheets during lay-up. 
After that, the mould tool is heated to 80 to 120°C for 4-5 hours to cure the 
composite. The prepregs are solid at room temperature allowing relatively easy 
cutting and lay-up; the process is capable of being automated. The resin used 
in prepregs generally has a higher viscosity and better performance than the 
resins used in VARTM or the wet lay-up process, which results in a better 
mechanical performance. As the resin content is precisely controlled, blades 
made with prepreg have a lighter weight and good repeatability (Gurit 
Composites, 2009a, 2009b; Jia, 2013). However, the disadvantages of such 
prepreg materials are that they require chilled storage and shipping, and an 
additional ‘prepregging’ process.  These lead to the cost of prepregs being 
higher than the sum of costs of separated reinforcement and resin. In addition, 
the tooling requirements and the demand for ambient environmental control are 
also higher than those of VARTM. 
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Currently, both VARTM and prepreg technologies are widely used in the 
manufacturing of wind turbine blades. The mould time of VARTM is longer than 
that of prepreg, resulting in reduced production efficiency. VARTM also requires 
more labour in the fabric lay-up and infusion process. The merits of VARTM are 
its low material cost and low tooling requirement, but products have a higher 
relative weight and lower repeatability. Prepreg has high material costs and high 
tooling requirements, but has a lower product weight, good product repeatability 
and good automation capability. VARTM is used more commonly in large 
blades because of the significant material cost saving. Some wind turbine 
designs requiring particularly low weight blades are usually produced by 
prepreg technology as the resin content can be precisely controlled. However, 
there is no generally accepted single best manufacturing technology for WT 
blades (Gurit Composites, 2009b). With the increasingly fierce competition in 
the WT blade market, in recent years VARTM has been used more frequently 
than prepreg due to its advantage in material cost saving, and is becoming 
more dominant with blade scaling up (Liu, 2015).  
2.2.6. Wind turbine blade development trends 
Based on the researcher’s experience and observation of company visits, wind 
energy exhibitions, and related conferences and literature, recent years have 
seen several clear trends in the development of blade technology, such as up-
scaling, advanced aerodynamic shape (same size, higher energy efficiency) 
and advanced structural design (same size, lighter blade). Other development 
trends have been observed but have not widely appeared in mainstream 
products, such as carbonization, modularization and intelligentization (Peng, 
2016). These trends are explored in more detail below. 
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Figure 2.10: Up-scaling history for the size of wind turbines (Gulzar, 2011). 
As shown in Figure 2.10, the size of wind turbines increased from 0.05 MW with 
15 m rotor diameter in 1985 to 8 MW with 180 m rotor diameter by the end of 
2016 and could potentially grow to 20 MW with a 250 m rotor diameter in the 
future (Beurskens, 2010; Jensen and Barnner, 2013; LM Wind Power, 2016). 
The main driver of wind turbine scaling up is the reduction of costs (Hayman, 
Wedel-Heinen and Brøndsted, 2008). The cost of manufacturing a large wind 
turbine is higher than that of manufacturing a small wind turbine, but a large 
wind turbine has a lower O&M and a lower installation cost per unit power 
output (Hayman, Wedel-Heinen and Brøndsted, 2008), which leads to cheaper 
electricity. Similarly, with the development of aerodynamics, new blades are 
slender which leads to more efficient power generation again resulting in lower 
electricity cost (Siemens AG, 2014). In addition, with the development of 
structural design, new WT blades are lighter in weight than same-sized older 
blades (Fuglsang, 2015).  
 
Alongside these widely-observed trends, other development trends exist which 
are less obvious, including carbonization, modularization and intelligentization. 
These three trends have only been spotted in few specific blade models. They 
are limited by cost, technology maturity and market factors and although their 
future is not yet clear, they are of interest here. Details are explained as follow.  
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In 2003, Griffin and Ashwill stated that carbon fibre benefits the blade by 
enabling a lighter weight; the light weight and strong CF will not only support 
increasing blade size but also reduce the load on the whole drive train of the 
wind turbine, potentially reducing its overall cost (Griffin and Ashwill, 2003). On 
the basis of this, since 2005 some blade manufacturers have been carrying out 
relevant research, and a number of blades either full or part made with CF have 
been produced on a small scale and tested, but, limited by cost (the cost of CF 
is more than ten times higher than GF), this trend is not in full swing in the 
market. Until now, carbon fibre blades in the mainstream market have been 
exceedingly rare. Today, wind energy is becoming more mature; energy 
subsidies are gradually being reduced; wind energy is starting to compete with 
traditional energies: the cost of wind turbines is now more sensitive. Unless it is 
very necessary, blade manufacturers therefore try to avoid using high cost CF 
to make blades (Peng, 2016). However, with the upscaling of blades, the 
demand for stronger material will increase. Given the high performance of CF 
(see Section 2.2.4), the latest large blade models are beginning to partially use 
CF in regions of stress concentration or to use CF/GF blended reinforced 
composite in order to achieve a balance of performance and cost, as can be 
seen in blades such as the LM 88.4P and Siemens SWT-3.15-142 (LM Wind 
Power, 2016; Siemens Wind Power, 2017). This may become mainstream, but 
it is not yet a given. 
 
Large-scale blades cause difficulties in transportation, especially in mountain 
regions. In order to solve this problem, a modular design is adopted. For 
example, Gamesa G128, a 4.5 MW class blade, is designed as one 30.5 m 
inboard section and one 32.5 m outboard section. This blade can be 
transported under the same conditions as normal 2 MW class blades (Gamesa 
Corporación Tecnológica, 2013). However, this blade design is not widely used 
as it is limited by its weak connection strength and extra weight.  
 
In addition to this, difficulties in inspection and maintenance become 
increasingly challenging as the size of WT blades increases and the wind 
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turbines become higher.  Low maintenance or no maintenance is the target for 
the future, also because of the limited access to offshore wind farms. An 
intelligent monitoring system was introduced in 2007 (George, 2008). It aims for 
the permanent online monitoring of the operational status of a wind turbine 
system, including rotor blades, drive train, motors and pumps, in order to 
identify potential failure at an early stage and reduce the maintenance and 
repair costs (Ifm Electronic, 2010; Chen, 2013). It appears, however, that this 
technology has not yet been widely installed. 
2.3. End-of-life options 
There are five levels of treatment in waste management: reduce, reuse, recycle, 
energy recovery and disposal. The waste management hierarchy is given on 
the left of Figure 2.11, from the most desirable (top) to the least desirable 
(bottom) (Gertsakis and Lewis, 2003). The corresponding blade waste 
treatments are introduced in the following section in sequence, from most 
desired to least desired. 
 
Figure 2.11: Waste management hierarchy. Figure modified from (Omega Energy Pty Ltd, 2016).  
2.3.1. Reduce 
Reduction of waste could be achieved by minimizing the consumption of 
materials during manufacturing through improving the management of the 
manufacturing (McDonough and Braungar, 2002). This is explored further in 
Chapter 4 and 5.  
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2.3.2. Reuse 
2.3.2.1. Life extension and refurbishment 
Life extension means to extend the service life of WT blades to be longer than 
the designed lifetime in order to reduce cost and also reduce blade waste. The 
feasibility of this idea has been investigated. Sayer et al. initially studied the 
effect of service time on blades in 2009, performing a series of mechanical tests 
on a section of an 18-year-old blade. They found no significant damage through 
visual inspection and no significant reduction in stiffness of the blade material 
(Sayer et al., 2009). Subsequently, the GenVind project studied the residual 
strength of the composite material from a blade undergoing the fatigue test. 
They found that the material keeps its high strength and stiffness. A 
microstructural investigation was also carried out, which did not reveal any 
traces of fatigue damage during blade testing (Beauson and Brøndsted, 2016). 
It appears, therefore, that ‘reuse’ or extending the blade lifetime is technically 
possible. Gamesa also presented research on the possibility of life extension at 
EWEA 2015 (Gamesa Corporación Tecnológica, 2015) and predict that some 
blades could be used for more than 20 years, and maybe up to 25 years, but 
that it would be hard to extend the blade’s life to more than 27 years due to the 
growing failure rate with aging. Although the life extension is technically 
possible, the motivation for owners to do so may be limited. Firstly, as with other 
products, when blades near the designed end-of-life, the likelihood of having 
defects/problems increases. Moreover, because of the development of 
aerodynamics, new blades generally have greater aerodynamic efficiency than 
the blades made twenty years ago and would generate more electricity and 
hence income. More details will be discussed in Section 6.4.4.1. 
 
A related option to maximise the residual capacity of old WT blades is 
refurbishment. A few companies, such as Enerpower, Repowering solutions, 
Green-Ener-Tech and Blue Planet Wind, trade in refurbishing and selling 
second hand wind turbines (Beauson and Brøndsted, 2016). The advantages 
are a short lead time and a low cost of about half the unit power price (Tucker, 
2009). Refurbishment procedures typically include visual inspection, ultrasonic 
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inspection and blade natural frequency measurements and may include 
repairing, repainting and re-balancing when necessary (Beauson, Bech and 
Brøndsted, 2013). Refurbishment is currently applied to small and medium 
turbines in the range of 10 kW to 1 MW. It might be challenging to handle 
blades larger than 1 MW or longer than 50 metres in this way due to transport 
difficulties (Beauson and Brøndsted, 2016).   
2.3.2.2. Remanufacture 
Remanufacture is another reuse option. For example, the decommissioned 
blade could be remanufactured to other decorative or structural applications. 
Decommissioned blades can be used as modern decorations in the city such as 
the sculpture in Michigan (Veen, 2011) and Iowa (Curtis, 2012) or constructed 
as part of a children’s playground as in Rotterdam (Sacco, 2015) (Figure 2.12). 
This option only requires the transportation of the blade to site and modification 
by the artist, which is a simple and low cost process. However, the weakness of 
this treatment is that such an application needs customization each time and 
the total demand is tiny compared to the number of decommissioned blades. 
 
Figure 2.12: Decorative application of decommissioned WT blades. Source: (Veen, 2011; Sacco, 2015). 
Decommissioned blades also can be remanufactured into more functional 
applications such as furniture. The shear web in a blade is a complete flat panel 
which can be used to make furniture such as tables, doors and cabinets. A few 
Danish designers have made this attempt (Beauson and Brøndsted, 2016). The 
biggest difficulty faced here is educating the designers to understand the 
features of the second hand but good quality composite materials. The volume 
of this application could be low or high; this is fully dependent on raising 
awareness and the willingness of furniture designers to engage with this 
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material source.  Another barrier could be the variation in the blade sandwich 
composition that may lead to difficulty in reusing them in standardized large 
volume production. However, one significant advantage of this option is that 
when blade material is used to make furniture, conventional furniture materials 
such as steel, glass and wood are saved. It reduces the environmental impact 
of furniture alongside partially solving the blade waste problem.  
 
The composite also has been used to make bridges such as the West Mill 
bridge in Oxfordshire, UK. The advantages of the composite bridge are several: 
its short construction time - the rapid construction reduces traffic jams during 
installation; the fact that it is waterproof, corrosion-proof and frost-proof; and its 
long lifetime and low maintenance cost (Fiberline Composites A/S, 2016). One 
of main reasons that WT blades need decommissioning is that the blade 
material reaches the fatigue limit; its retained strength, however, is still good 
(Sayer et al., 2009; Beauson and Brøndsted, 2016). This opens up the 
possibility of remanufacturing the materials from decommissioned blades into 
short bridges. Unfortunately, the diversity of WT blades becomes an issue: 
because the designs are different and the lengths are different, the result is 
inconsistent materials; the decommissioned blade materials are not like new 
standard parts produced on demand. However, if we assume that a typical 
medium wind farm is 50 MW, that the wind turbines are all equipped with three 
blades and that the rated power is 1 MW, there will be 150 identical blades 
which is enough to make bridges across a given highway (Platts, 2014). The 
large size and chemical stability of WT blades has, in addition, led to the 
proposal of using old WT blades as artificial reefs as a habitat for marine life, 
but relevant experiments are lacking (Falavarjani, 2012). The feasibility of the 
above ideas need to be further verified. 
 
Most remanufacture treatments are still at the conceptual stage and need 
further investigation (Beauson and Brøndsted, 2016). Even if the technologies 
mature, the demand for such treatments is unlikely to be large enough to digest 
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the large number of retired blades. Recycling options must continue to be 
considered, and these we turn to next. 
2.3.3. Material recovery 
The recycling technologies for the composite used in WT blades are mechanical 
recycling, thermal recycling (pyrolysis, microwave assisted pyrolysis and 
fluidised-bed process), chemical recycling and high voltage fragmentation, 
covered in the following sections.  
2.3.3.1. Mechanical 
 
Figure 2.13: Material recovery though the mechanical recycling process. 
In mechanical recycling (Figure 2.13), the composite waste is firstly size 
reduced through a primary crushing process such as a low speed cutting or 
crushing mill to reduce the scrap into 50-100 mm sized pieces. Secondly, these 
pieces would then be further size reduced in a hammer mill or other high speed 
mill to a finer product ranging from 10 mm to 50 mm size. After that, this finer 
recyclate is classified into fractions of different sizes, typically by cyclones and 
sieves (Pickering, 2006; Palmer, 2009). 
 
The major advantages of such mechanical recycling are simplicity and low cost. 
It has been investigated as an option for both GFRP and CFRP, with the most 
extensive research being done on GFRP mainly for recyclate performance 
reasons (Pickering, 2006). The recovered fibre from mechanical recycling is 
mixed with resin residue and fillers and is hard to completely separate even 
after the grading process. This unfavourably reduces the performance of the 
remanufactured composite and leads to the low value of the recyclate. Because 
of the high value of CF, CFRP waste can afford high-cost recycling techniques 
to acquire the high value, high performance recyclate. Therefore research on 
the mechanical recycling is more applied to GFRP. 
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In order to assess the possibility of using the mechanical recycled mixture in 
new composite production, the relation between the fraction of recycled fibre in 
new bulk moulding compounds (BMC) and its mechanical properties has been 
investigated (Jutte and Graham, 1991; Derosa, Telfeyan and Mayes, 2004; 
Pickering, 2006; Palmer, 2009). Studies show that incorporating recycled 
mixture composite as reinforcement in new BMC will decrease its flexural and 
tensile properties compared to composite made with only virgin fibres. Studies 
also reveal that increasing the amount of recycled fibres in the composite leads 
to poorer mechanical properties.  
 
The mechanical recycling process has been trialled on a commercial scale. 
ERCOM Composite Recycling GmbH was established in Germany in 1992 to 
recycle end-of-life composite components from the automobile industry by 
shredding and grinding graded parts into powder for use in new SMC in 
proportions of up to 20%. ERCOM ceased operations in 2004 due to economic 
problems (Larsen, 2009). Phoenix Fibreglass Inc. which conducted a similar 
business in Canada also shut down for similar economic reasons (Beauson and 
Brøndsted, 2016). Two reasons make the mechanical recycling barely 
profitable: the recyclate from mechanical recycling typically has impurities and 
relatively poor performance, and as such it is normally used to substitute for 
low-value filler materials such as calcium carbonate. In addition, the mechanical 
recycling process requires a significant amount of energy input to grind the 
strong composite material finely (Job, 2013). Recently, Washington State 
University has begun cooperating with Global Fiberglass Solutions Inc to cut 
and grind old blade waste and use the recyclate to manufacture composites that 
could be used as floor tiles and plastic road barriers. Its economic feasibility has 
not been mentioned (Hilding, 2015). 
2.3.3.2. Fluidised-bed process 
In the fluidised-bed process (Figure 2.14), scrap composites are initially cut to a 
size of around 25 mm and fed into a fluidised bed. This bed contains silica sand 
with a particle size of 0.85 mm. The sand is typically fluidised with hot air 
flowing at a rate of 0.4-1.0 m/s and at a temperature of between 450°C to 
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650°C. In this stage, the polymer volatilises from composites and leaves fibres 
and fillers as individual particles suspended in the air steam. Subsequently, 
fibres and fillers are separated by a rotating sieve separator. The volatilised 
polymers are fed into a secondary combustion chamber operating at 1000°C in 
order to be fully oxidised and then the heat generated can be recovered 
(Pickering, 2006).  
Figure 2.14: Schematic diagram of fluidised-bed process (Pickering et al., 2000). 
The advantage of this process is that it does not require the removal of metals 
and separate sandwich structure before processing. The mixture of composites 
can be processed and metals are retained in the bed and separated by grading 
the sand. The recovered fibres can be used in bulk moulding compounds or a 
non-woven veil. However, the recovered fibre suffers significant degradation, 
especially glass fibre. Compared to the virgin fibre, the tensile strength of 
recovered GF reduces by 50% and 90% when processed between 450 °C and 
650 °C while the stiffness remains nearly the same (Pickering et al., 2000; 
Pickering, 2006; Job et al., 2016). CF shows a 25% reduction in tensile strength 
with retention of the original stiffness when the fibres were treated at 550 °C 
(Yip, Pickering and Rudd, 2002). At present, there is a fluidised-bed process 
pilot plant operating in Nottingham (Job et al., 2016). 
2.3.3.3. Pyrolysis 
In the pyrolysis process (Figure 2.15), the first step is to cut the composite 
waste into pieces of typically less than 1 metre which could be placed in a 
pyrolysis reactor.  In the second step, these scraps are heated in the absence 
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of oxygen and decomposed into lower molecular weight organic substances. 
This reaction takes place between 400°C and 1000°C depending on the 
composition of the feedstock. The output materials are oil, gas and solid 
residue. The solid residue consists of fibres, fillers and some char (Cunliffe et al. 
2003; Song et al. 2009).  
 
Figure 2.15: Schematic diagram of pyrolysis for process. Source: (Song, Youn and Gutowski, 2009). 
SMC Automobile Alliance researched the pyrolysis of GFRP waste from 
automobile composite scraps. The scraps were processed at 700 °C to 1000 °C 
and outputs are fuel gas, liquid oil and solid residues including fibre, fillers and 
char residue. The fuel gas can be used for heating the reaction chamber, and 
the solid residues can be ground into powder and used as filler in new SMC 
production. It was found that up to 30% of ground solid residue could be utilised 
in new SMC without adversely affecting the molding process and mechanical 
properties of molded components (Cucuras et al., 1991).  Similar research also 
been conducted at Leeds University. Researchers find the tensile strength of 
recovered glass fibre is 50-60% compared to that of virgin glass fibre when  
treated at 400-650 °C and the strength significantly decreases as the pyrolysis 
temperature increases from 650 °C (Cunliffe et al. 2003). Pickering reports a 
similar result: when the temperature of the oxidation process is 450°C, pyrolysis 
yields clean glass fibres that suffer a 50% reduction in mechanical strength 
(Pickering, 2006). He also states that these recycled short glass fibres can be 
successfully incorporated as 25% substitution of virgin glass fibre in a polyester 
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dough moulding compound, with only a slight reduction in mechanical 
performance.  
 
Turning to commercialized operations, ReFiber ApS from Denmark have 
developed their own pyrolysis technique specifically for wind turbine blade 
materials (ReFiber ApS, 2004). First, wind turbine blades are cut to reduce size 
to 1 metre pieces using hydraulic shear at the wind farm site. Once transported 
to the pyrolysis plant, they will be further shredded to hand-sized chunks 
(maximum of 25 cm x 25 cm). Then, the material is continuously fed into an 
oxygen-free pyrolysis rotary oven at 500°C. Simultaneously, metals are 
removed by magnets for recycling and synthetic gas generated in the oven is 
sent for electricity generation. Then, the metals, fillers and fibres are recovered 
and separated. In the final stage, the recovered glass fibres are transformed 
into insulation wool and insulation fibre balls for further use (ReFiber ApS, 
2004). The status of this company is unknown after 2009.  
 
Pyrolysis for CF recycling is similar to that for GF, though with a different 
temperature and processing time. As carbon fibres are more resistant to high 
temperatures, the degradation of the recovered fibres is much less compared to 
glass fibre (4% to 20% tensile strength degradation for CF compared to 40% to 
50% degradation for GF) (Cunliffe et al. 2003; Lester et al. 2004; Connor 2008; 
Meyer et al. 2009). 
 
Several companies now recycle CF composite, namely: 
• ELG Carbon fibre (formerly Milled Carbon Group), UK 
• CFK Valley Stade Recycling, Germany 
• Carbon Conversions (formerly MIT-RCF), USA 
• Karborek, Italy 
They all use variations of the pyrolysis process which thermally decomposes 
the resin matrix, thus obtaining clean carbon fibres. Milled and chopped fibres 
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are the main output forms. They are typically compounded with thermoplastics 
for strength and electrical conductivity and used in sheet and mat moulding 
compounds such as automotive panels (Composites UK, 2017). 
2.3.3.4. Microwave assisted pyrolysis 
Microwave assisted pyrolysis (MAP) is another form of composite recycling 
developed and trialled by companies and universities from the USA, the UK and 
Germany (McConnell, 2010). The mechanism is similar to that of pyrolysis, but 
the scrap is heated by microwaves. The conductive carbon fibre absorbs the 
microwave energy and, heated up, also heats up the nearby resin. Since the 
resin matrix is heated internally rather than externally as in conventional thermal 
recycling technologies, the resin decomposes more rapidly without char 
formation and results a shorter overall processing time (McConnell, 2010; 
Åkesson et al., 2012). The energy consumption is lower than in conventional 
pyrolysis (Suzuki and Takahashi, 2005). The tensile strength of recovered CF 
(rCF) is 20% lower than virgin fibre and the modulus decreases by around 12% 
(Lester et al., 2004). When mixed with 25% rCF, the flexural strength of the 
newly made composite reduces by 17% and the flexural modulus drops by 
around 25% (Åkesson et al., 2012). This technology also works for GF recycling 
(Oliveux, Dandy and Leeke, 2015) but no recyclate performance has been 
reported. At present, there is no MAP plant in operation.  
2.3.3.5. Chemical (solvolysis and hydrolysis) 
 
Figure 2.16: Schematic diagram of supercritical alcohol recycling setup (1-salt bath, 2-reactor, 3-agitator, 
T-thermometer). Source:(Okajima, Watanabe and Sako, 2012). 
Solvolysis and hydrolysis (Figure 2.16) are two types of chemical treatments 
that have been investigated to recycle composite. Solvolysis uses solvents to 
degrade the resin in composites and hydrolysis is similar but uses higher 
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processing temperatures of generally between 220 and 275°C, sometimes with 
catalysts (Oliveux, Dandy and Leeke, 2015). Chemical recycling has a wide 
range of variation in terms of different solvents, catalysts, temperature and 
pressure (Allred, Busselle and Shoemaker, 1999; Gosau, Wesley and Allred, 
2006; Hyde et al., 2006; Piñero-Hernanz et al., 2008; Okajima et al., 2009; Bai, 
Wang and Feng, 2010; Sakuma, Koyama and Fukuda, 2011; Knight et al., 2012; 
Li et al., 2012; Liu et al., 2012; Oliveux, Bailleul and Salle, 2012; Xu, Li and Ding, 
2013; Onwudili, Insura and Williams, 2013; Yildirir, Onwudili and Williams, 
2014). The major advantage of chemical recycling is that because the 
processing temperature is lower than in thermal recycling, the degradation of 
the recovered fibre is less. The tensile strength of glass fibre is 40% lower than 
that of virgin fibre (Kao et al., 2012). The strength of carbon fibre is around 5% 
lower than that of virgin fibre (Piñero-Hernanz et al., 2008; Li et al., 2012; 
Okajima, Watanabe and Sako, 2012; Xu, Li and Ding, 2013). Some research 
even finds that the recovered fibre performs better than virgin fibre (Bai, Wang 
and Feng, 2010).  
 
However, there are clear drawbacks to chemical recycling. For example, water 
is the most extensively used solvent in the process. The decomposing reaction 
needs to heat and pressurise the water to a supercritical state, meaning the 
reaction temperature is higher than 374 °C and the pressure is higher than 221 
bar. Reactors that can withstand this kind of temperature and pressure are very 
expensive (Oliveux, Dandy and Leeke, 2015). In contrast, chemical recycling 
can be performed at below 200 °C and at atmospheric pressure. The benefits of 
this second method are that no expensive reactor is required and that it offers a 
better control over the reactions that occur (Oliveux, Dandy and Leeke, 2015). 
However, in this case the recycling process typically needs strong acid or 
oxidant conditions in order to dissolve the resin matrix and stirring is required 
which can be very dangerous. The solutions left after reactions can be difficult 
to dispose of or to recycle.  
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Related research is being undertaken by companies such as Hitachi, Panasonic 
and Siemens (Gardiner, 2014; Shibata and Nakagawa, 2014). Panasonic 
Electric Works (Japan) has built a hydrolysis pilot plant to recycle 200 tons of 
GFRP manufacturing waste annually (Job et al., 2016). 
2.3.3.6. High voltage fragmentation 
High voltage fragmentation (HVF) was originally used in the mining industry to 
liberate rocks. Recently, it has been studied for use in composite recycling. HVF 
uses repetitive pulse electrical discharges within a dielectric aqueous 
environment to disintegrate the solid material, here the composite waste 
(Shuaib et al., 2016). In this process, the high-voltage pulses (50-200 kV) are 
discharged quickly (in less than 500 ns) and the target material is held in the 
gap between the electrodes. The target material then disintegrates at the 
internal material boundaries (Rouholamin et al., 2014). After multiple pulses, 
this ultimately breaks down the composite into desired sizes (Shuaib et al., 
2016).  
 
The advantage of HVF is that the recovered glass fibre has good mechanical 
performance, and a tensile strength only 12% lower than that of the virgin glass 
fibre (Rouholamin et al., 2014). Experiments show that under the best 
conditions, the energy consumption of HVF is lower that of the fluidised-bed 
process. At this moment, only one lab scale demonstrator from the SELFRAG 
project has been built and tested (Weh, 2012a). No commercialized plant has 
been reported. The weaknesses of HVF could be the high cost of the high 
voltage reactor, the non-continuous nature of the batching reaction and 
uncertainties in scaling up. The process also works for carbon fibre but no 
recycled fibre performance has been reported. 
2.3.4. Energy recovery 
2.3.4.1. Incineration 
Most thermoset polymers used in the wind turbine blade, polyester, vinylester 
and epoxy, have a high calorific value (around 30 MJ/kg) and can be 
incinerated to recover the energy (Correia, Almeida and Figueira, 2011). This 
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solution is currently used in Demark and has been trialled in the UK and China 
(Halliwell, 2006; W. Liu, 2014; Beauson and Brøndsted, 2016). However, the 
most common glass fibres in WT blades are incombustible and the fibres 
constitute up to 70% of the blade by weight. This hinders incineration and 
generates a large amount of fly ash remaining at the end of the combustion 
process (Duflou et al., 2012). Such residue needs to be subsequently disposed 
of. It also has been reported that the glass fibre residue in the flue gas could 
interrupt the gas cleaning system in the incinerator (Schmidt, 2006).  
2.3.4.2. Cement kiln co-process incineration 
Another co-process incineration could potentially solve the problems of 
incomplete combustion and residues in conventional incineration. Pickering 
reports that GFRP could be burned in cement kilns substituting up to 10% of 
fuel input without affecting the performance of cement (Pickering, 2006). This 
has been implemented by Zajons in Germany which corporates with the cement 
company Holcim to recycle wind turbine blade waste through the cement kiln 
co-process incineration. In the first step, the decommissioned blades are cut on-
site into 10-12 metre sized scrap to be conveniently transported to the recycling 
site. On arrival at the recycling site, the blade scrap is further cut into smaller 
metre sized pieces and fed into the shredder. These pieces then undergo multi-
stage shredding and milling processes to be reduced to millimetre grade scraps 
which are mixed with other fuel and used as alternative fuel for the cement kiln. 
In this process, the organic fraction (resin) of GFRP waste is combusted, the 
inorganic fraction (fibre) is incorporated into cement (Jacob, 2011; Job, 2013). 
This technology has been recognized by the European Union and listed in the 
‘Guidance on the interpretation of key provisions of Directive 2008/98/EC on 
waste, European Commission’ (EuCIA, 2012). 
2.3.5. Landfill 
At present, most of the composite waste including WT blade waste has been 
landfilled or stacked on the ground waiting to be processed (Halliwell, 2006; 
Pickering, 2006; Jia, 2013). However, environmental regulation is becoming 
stricter. Germany and several other European countries have already largely 
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banned landfilling composite waste (Cherrington et al., 2012). The European 
commission’s circular economy package also aims to increase recycling rates 
and reduce the amount of municipal waste that goes to landfill to 10% by 2030 
(Composites UK, 2016). It is not clear how this will affect the WT blade industry 
but presumably the blade waste must be recycled at some point in the future. 
 
The recyclate performance of all recycling options have been summarised in 
Table 6.6, see Chapter 6 for details. 
2.4. Knowledge gap and research questions 
The end-of-life problem of composite waste is a complex area which has only 
seen limited research. Halliwell (2006) was the first to summarise EoL options, 
the state of development of the composite recycling industry, and progress in 
recycling technologies, as seen from the perspective of a decade ago. Landfill 
dominates the EoL processes. The situation needs to gradually transit from 
landfill to recycling. She finds that the small number of commercialized recycling 
technologies comprise mainly mechanical recycling, and the recyclate value is 
very low. Pickering (2006) provides a more comprehensive review of 
mechanical and thermal recycling technologies. He believes the low value 
recyclate presents a barrier to the commercialisation of recycling technology. 
This problem could be solved by government policy if European legislation were 
to require recycling routes to be available for composites. Subsequently, 
Hedlund, Pimenta & Pinho, Yang et al. and Asmatulu et al. summarised the 
recyclate applications more completely and analyse part of the recycling cost 
(Hedlund-åström, 2005; Pimenta and Pinho, 2010; Yang et al., 2012; Asmatulu, 
Twomey and Overcash, 2013). They state that the wind turbine blade waste 
would be a crucial part of the composite waste. Most recently, Oliveux et al 
(2015) and Shuaib & Mativenga (2015) update the progress seen in composite 
recycling technologies, adding recyclate performance and the energy 
consumption of chemical recycling, and are the first to compare the 
environmental impact of a few recycling technologies. The authors hold that 
mechanical recycling is suitable for GFRP and that pyrolysis is more suitable for 
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CFRP production waste. Highly structural applications are unlikely to 
incorporate the recycled fibre due to performance reduction, particularly for 
these made with continuous CF. A different perspective is offered by Rybicka et 
al. (2016) et al in their discussion of technological readiness, that landfill and 
incineration are the two most matured or ‘flight proven through successful 
mission operation’ technologies. Mechanical recycling and pyrolysis is at a 
stage between prototype demonstration and ‘flight qualified through ground 
tests’. The remaining recycling technologies, including chemical recycling, are 
at lab-scale or earlier stages (Rybicka, Tiwari and Leeke, 2016). 
 
The research presented above mainly focuses on composite waste and treats 
WT blade waste as one part of this. However, compared to general composite 
waste, decommissioned WT blade waste is more complex and difficult to 
process mainly because WT blades are larger and stronger than other 
composite applications (Cherrington et al., 2012). More specifically, it is more 
challenging for the following reasons: 
 
• It has a complex material composition including fibre, resin, core material 
and supportive material. 
• The nature of thermoset resin is cross linked and cannot be remoulded. 
• The large size of blade may cause difficulties in the dismantling, 
transportation and size reduction. 
• There is variation between WT blades in terms of the structural design, 
size and material composition. 
• Glass fibre (the major material) has a low value. 
 
The features above present difficulties in the recycling of WT blades. At present, 
most of the WT blade waste has been landfilled or stacked on the ground. With 
the development of wind power, the production of WT blades is increasing, and 
therefore the end-of-life problem is a growing challenge. Although there is no 
full-scale legislation forbidding the landfilling of WT blade waste, current options 
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are unsustainable (Cherrington et al., 2012). WT blades contain a significant 
amount of organic matrix (up to 50%), and current legislation discourages the 
disposal of such waste to landfill. Some countries such as Germany already 
forbid landfilling high organic-content waste and the UK charges a high tax on it 
(Pickering, 2006). WT blade waste will need to be processed more sustainably 
in the future.  
 
As we have seen, attempts have been made to address this problem either 
through looking at the raw materials or the end-of-life processes. For the raw 
materials, natural fibres such as flax and bamboo fibres have been considered 
as a substitute for glass fibres as they have lower environmental impact, but 
due to their limited strength and uniformity problems, this is still under 
development (Brøndsted, Lilholt and Lystrup, 2005; Halliwell, 2010; W. Liu, 
2014). In addition, thermoplastic resin with a remanufacturing ability also has 
been tested (Marsh, 2010). Limited by high viscosity and high cost, however, it 
has not yet been used in WT blade production. Turning to end-of-life, the 
literature discussing possible EoL processes for WT blade waste remains 
limited (Larsen, 2009; Beauson, Bech and Brøndsted, 2013; Andersen et al., 
2014; Beauson and Brøndsted, 2016). The advantages and disadvantages of 
EoL options have only partially been discussed in detail, and then mostly in a 
qualitative way. This research either cover one part of the WT blade end-of-life 
issue, or qualitatively assesses the problem without supporting data, or in 
minimum detail. From visits to WT blade manufacturers and from information 
gathered from industry exhibitions, the end-of-life problem of WT blades is of 
widespread concern, but the magnitude of its severity and the ‘optimal’ solution 
to it are currently unclear and cannot be answered by existing research. 
 
In this research, therefore, we bring together and summarise existing 
knowledge and make a comprehensive analysis of the EoL problem presented 
by wind turbine blades in order not only to provide a clear picture of its extent 
but to find its ‘optimal’ solution with data-supported conclusions. 
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To address problems of wind turbine blade waste the following research 
questions are proposed and need to be answered:  
 
• Q1: What is the wind turbine blade waste inventory? 
• Q2: What is the lifetime environmental impact of wind turbine blades? 
• Q3: What are the differences between the possible EoL blade waste 
processing options? What is the ‘optimal’ EoL option for WT blades? 
 
We will try to answer the three questions above in order to ultimately identify the 
‘optimal’ solution to WT blade waste problem. The knowledge gap and research 
objectives are summarised in Table 2.3. In the next chapter, we will introduce 
the methodology of each question in detail.  
 
Current knowledge from 
literature Key references 
Research 
question Objectives 
Rough estimate of the 
WT blade waste until 
2034 by using single 
relation between the 
material demand and unit 
installed power at 10 
kg/kW. 
Albers 2009 
Andersen 2014 
Q1: What is 
the wind 
turbine blade 
waste 
inventory? 
1. Update the waste inventory with 
state of art blade data with improved 
accuracy. 
2. Consider not only the end-of-life 
waste, but also the waste generated 
in other stages of WT blade 
lifecycle. 
3. Use bigger data sets to improve 
accuracy of waste projection. 
Previous research was 
focused on the 
environmental impact of 
the whole wind energy 
system or wind turbine. 
Ecological studies 
specifically on WT blades 
were limited. Material 
consumption was roughly 
assumed as fibre 60%wt 
and resin 40%wt. 
Gürzenich et al. 1999 
Vestas 2006 
E. Martínez et al. 
2009 
Razdan & Garrett 
2015 
Q2: What is 
the lifetime 
environmental 
impact of 
wind turbine 
blades? 
1. Accurately understand the whole 
lifecycle environmental impact of 
WT blade. 
2. Identify the dominant lifetime 
stage for environmental impact. 
3. Characterize and quantify the 
recycling potential. 
Research was focused on 
the technical side of 
composite recycling 
technology. No one has 
comprehensively 
assessed the difference 
between the EoL options 
of WT blade and 
suggested the best 
solution, looking at both 
environmental and 
economic aspects. 
Pickering 2006 
Larsen 2009 
Job 2014 
Beauson 2016 
Q3: What are 
the 
differences 
between the 
possible EoL 
blade waste 
processing 
options? 
What is the 
‘optimal’ EoL 
options for 
WT blades? 
1. Construct a unified model to 
quantitatively assess the difference 
between WT blade EoL options. 
2. Recommend the ‘optimal’ solution 
under specific scenarios. 
Table 2.3: The limit of current knowledge and research objectives. 
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3. METHODOLOGY 
3.1. Introduction 
The end-of-life challenge presented by wind turbine blades is a very practical 
problem which relates to knowledge in composite recycling technologies, wind 
turbine blade technologies, and the waste management field. Most problems, 
such as determining the waste inventory and environmental impact, may be 
addressed using quantitative methods, but some social aspects also need to be 
considered, the opinion of blade manufacturers, for example. Qualitative 
methods such as observation and interview are more proper to these aspects. 
Therefore, we adopt a quantitative approach supplemented by qualitative 
methods to address this practical WT blade waste problem.  
 
Firstly, we use the average blade weight and installed wind energy capacity and 
consider the waste generated in the manufacturing, transportation and O&M 
stages and take into account regional features to project the global blade waste 
inventory up to 2050. Secondly, we use an eco-audit approach to calculate the 
lifetime environmental impact of blades in order to identify the most polluting 
lifetime stages and materials which in turn will help identify the points that could 
significantly reduce the environmental impact. Thirdly, we study the 
environmental impact and financial cost of EoL options for the blades. Finally, 
we synthesise these findings to find the ‘optimal’ EoL option for WT blade 
waste. The methodologies adopted for each research question are discussed in 
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the following sections. The research scope, stakeholders, research questions 
and target outputs have been summarised in Figure 3.1. 
Figure 3.1: The conceptual framework of this research. 
3.2. Waste inventory 
There is substantial data available on composite material consumption from 
various composite industry associations, but only limited data regarding the 
material consumption of wind turbine blades and only limited blade waste 
inventory data. Only two publications can be found, Albers (2009) and Andersen 
et al. (2014) and both use a single blade model or single blade weight data 
source to estimate the size of blade waste problem (Albers, 2009; Andersen et 
al., 2014). With the development of WT blades, blades size is being scaled up. 
New materials and designs have been put into use. A single data source cannot 
reflect the effects of the evolution of wind turbine blades. Because the accuracy 
of the waste inventory is crucial to the study of the environmental issues, this 
needs to be improved. The ultimate way to estimate the waste inventory data is 
collecting the production volume and waste data from all blade manufacturers. 
This method could accurately project all WT blade waste, but the workload is 
beyond the scope of this PhD study. We here improve Albers’ method through 
the adoption of the life cycle inventory (LCI) method to comprehensively 
estimate the WT blade waste inventory.  
 
The objectives of the blade waste inventory model are to: 
• Know the amount of waste, both the lifetime waste and the end-of-life 
waste. 
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• Understand where the waste comes from and where the majority is 
generated. 
• Understand waste types. 
• Estimate when the waste will be generated. 
• Provide a reference for the development of the composite recycling 
industry. 
 
The waste inventory calculation consists of four steps: Firstly, we use the 
installed wind power capacity divided by the average rated power of wind 
turbines to calculate the number of installed wind turbines, then multiply this 
number by three to obtain the number of installed WT blades. Secondly, we use 
data regarding blade weight and rated power to calculate the blade material 
demand per unit of power (mass per unit rated power, t/MW) and also to 
classify the blade into different size classes. We use the mass per unit rated 
power times the average rated power and the number of blades obtained from 
the first step to calculate the total blade material used on wind turbines. This 
material will be the end-of-life waste when the blades are decommissioned. 
Thirdly, we use the bill of materials (BoM) for the manufacturing in-process 
waste and the statistical data of waste levels in the transportation and operation 
and maintenance (O&M) stages to calculate additional blade waste besides that 
generated from the finished blades. We use the BoM to calculate the total 
weight of materials used, then use this number minus the average weight of the 
finished blade to gain the material wasted in manufacturing. Then, we collect 
data on the waste in transportation and O&M through interviews and statistical 
data from blade manufacturers and O&M service providers. Now, we know both 
the material demand per unit power to manufacture a blade and the rate of 
extra waste generated, including the manufacturing in-process waste, the 
transportation waste and the O&M waste. In the final step, we apply the blade 
material demand per unit rated power to the installed wind capacity of different 
regions to calculate the total blade material demand. Then we add the extra 
waste from the different stages of a blade’s lifetime to the materials demand in 
order to calculate the total waste inventory.  
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We now turn to the data sources for each step of the calculation. 
 
For the first part, the installed capacity and average rated power are obtained 
from the annual reports of wind energy associations.  
 
For the second part, blade weight and rated power data is needed. The rated 
power data is publicly available for all blade models. However, as the blade 
weight is one of the key parameters when measuring blade performance, it is 
generally only available to the customers, wind turbine manufacturers. We 
extract this data from multiple sources including the wind turbine installation 
solution service provider (4C Offshore, 2014), advertising brochures (LM Wind 
Power, 2015) and blade manufacturers. Since there is a big variation in size 
between WT blades, the material demand per unit rated power also varies 
widely. To cover the effect of blade size variation on material consumption, we 
cover the blade sizes from the early stage commercial 0.6 MW blade to the 
latest offshore 8 MW blade and classify them into five size classes. The dataset 
includes 60 blade models from 14 principal blade manufacturers which 
comprehensively covers most of the WT blade market. Within the dataset there 
are four blade weight outliers which are significantly lighter or heavier than 
similar length blades. Their data comes from the installation service provider 
website which can be edited by anyone and is not reliable. These four blades 
were therefore excluded from the dataset, leaving 56 blade models to be 
included in the materials calculation.  
 
Turning to the third part, BoMs are not publicly available yet are important in 
calculating the manufacturing waste. Hence, we contacted all the major blade 
manufacturers including Siemens, GE, LM Wind Power, Gamesa, Vestas, 
Sinomatech, LZFRP, GFUPC and CRRC Wind. From their communications, it is 
clear that western blade manufacturers are very aware of the WT blade EoL 
problem and have undertaken in-house life cycle assessment research to 
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varying degrees. But the research is limited to their own product only, with no 
industrial level overview having been considered. The confidentiality of their 
data such as BoMs is high. We contacted blade manufacturers in China through 
personal contacts, interviewing a number of Chief Technology Officers (CTO) 
and aftersales managers in order to find out their opinions of the blade waste 
problem and to gain access to the BoMs. The interview questions are listed in 
appendix A. 
We gained access to nine BoMs from Sinomatech, six BoMs each from LZFRP 
and GDUPC and two BoMs from CRRC Wind. These BoMs cover the 
mainstream blade models manufactured between 2007 and 2015. The rated 
power ranges from 1.5 MW to 3.6 MW. 22 blade models are made with glass 
fibre only and one model is made with a hybrid of glass fibre and carbon fibre. 
China is the largest wind energy market with 33.5% global cumulative installed 
capacity at the end of 2015 (GWEC, 2016). The above four companies are the 
top four biggest blade manufacturers in China with over 60% market share in 
total (W. Liu, 2014). Blade data from these four companies, therefore, gives a 
good representation of blades in production. An initial analysis of the raw BoMs 
provided by the blade manufacturers revealed that some details such as the 
weight of bolts and nuts or the gram weight of vacuum film were not included. 
Emailing the manufacturers resulted in some but not all of the missing data 
being gathered, and therefore factory visits were made, four to Sinomatech in 
Beijing, one to GDUPC in Beijing, two to CRRC Wind in Hunan and three to 
LZFRP in Jiangsu. In these visits, more was learnt about the actual use of the 
materials, and additionally, materials for which data was unclear could be 
measured, and the reasons for manufacturing waste variation uncovered. At the 
end, because the BoMs from CRRC Wind remained incomplete, they were 
excluded from the analysis. The 21 BoMs from the other three manufacturers 
were used in total to estimate manufacturing waste levels. Examples of BoMs 
are listed in Appendix B. More detailed data, the methods of calculation and the 
results are presented in Chapter 4.  
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3.3. Environmental impact 
In order to answer the second research question, we perform an ecological 
study on the WT blade. There are quite a few methods or tools that can be 
used. Life cycle assessment (LCA) is one of the most widely used techniques to 
indicate the scale of environmental and resource impacts associated with an 
activity or function from the extraction of raw materials, through to ‘end use’ 
impacts (Tata Steel, 2016). However, a comprehensive LCA study is very time-
consuming to do, and the results are not anything like as accurate as the 
volume and apparent precision of the output data might indicate. It does provide 
a way of combining disparate quantities (e.g. energy input and toxic emissions), 
but the relative weightings are subject to criticism. There are rules about what 
should be included, but they are subject to interpretation (Graedel and Allenby, 
2010). Commonly used industry-level alternatives to full LCA are Material Flow 
Accounting and Environmental Risk Assessment. Product-level tools include 
Material intensity analysis, Cumulative energy requirement analysis and Eco-
audit. The eco-audit approach has been chosen for the present study as a 
manageable alternative to full LCA that enables environmental impact 
comparisons to be made between different materials and processes for an 
identified product. The assessment quantifies a limited number of the most 
important LCA measures including the energy consumption, CO2 emissions and 
water consumption in each of the different phases of life of a product: material, 
manufacture, transport, use and disposal (Ashby, 2009). This method is used to 
identify the dominant phase of life, that which has the largest energy 
consumption and the greatest CO2 burden. It then makes sense for the initial 
focus to be on the dominant phase since it has the biggest potential for 
reduction. It also provides a well-documented basis for making comparisons of 
environmental impact arising from different processes and lifecycle paths 
(Ashby, 2009). Such features of eco-audit satisfy the requirements of this 
research and hence the eco-audit approach has been adopted. 
 
We constructed an environmental impact model by adopting the eco-audit 
method and using the data from the CES Eco-selector 2016 database covering 
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the impacts from all lifetime stages of WT blades. The major objectives of the 
environmental impact model are to: 
 
• Understand which lifetime stage generates the most impact. In other 
words, which stage has the biggest potential to reduce the impact. 
• Understand what materials have the most environmental impact and 
have the potential to reduce this. 
• Understand the difference in environmental impact between different 
blade models including the effect of blade size and materials used. 
 
While undertaking the calculation, the energy consumption data of some 
composites in the CES Eco-selector 2016 database were found to be 
inaccurate. This was consequently discussed with a composite expert, Dr Hugh 
Shercliff (Shercliff, 2014), and the literature searched to obtain reliable and 
accurate data. In the first step of the calculation, in which the environmental 
impact of materials is determined, the amount of material consumed, taken from 
the BoM, was multiplied by the unit environmental impact of this material. Then 
the impact of each material and the processing impact were added together to 
get the total environmental impact in the manufacturing stage. In the second 
step, the environmental impact from the transportation and O&M stages is 
considered. We use the transportation distance times the unit distance impact 
to obtain the impact of transportation and then use the total material 
consumption in O&M times the material unit impact to determine the impact of 
O&M. As transportation and O&M vary case by case, we utilise low, central and 
high scenarios to understand the effect of variation. In the final step, we gather 
the impact data from the three stages together to determine the lifetime 
environmental impact of blade, and to identify the stage and materials that 
create the heaviest environmental burden. Further details of this calculation and 
findings are given in Chapter 5. 
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3.4. EoL options comparison 
With the blade waste inventory and the environmental impact known, the next 
stage is to establish the best strategies to reduce the waste, reduce the impact 
and resolve this problem. Hence the EoL options suitable for WT blades must 
be identified, assessed and compared. Environmental and economic 
performance are chosen as two key measures to analyse these EoL options 
through which we aim to find the ‘optimal’ EoL option that data and reasoning 
support. The main objectives of the blade EoL option analysis are to:  
 
• Quantify the environmental impact and financial cost of EoL options. 
• Combine the lifetime impact data from Chapter 5 to find the ‘cost’ and 
‘gain’ of different EoL options and then compare them with conventional 
landfill and incineration to determine whether they are better or not. 
• Consider the effects of other factors besides environmental and 
economic performance such as technology readiness to discuss the 
‘optimal’ option under specific scenarios. 
 
To assess environmental impact, first every recycling technology suitable for 
composite materials is identified, and then the actual application to WT blades 
is considered. Three typical blade types have been considered including 
mainstream GF blades, minority hybrid blades and the possible full CF blade of 
the future. Subsequently, the energy consumption of the recycling processes 
and recyclate performance are analysed. We assume the recyclate 
performance is proportional to the environmental impact potential and calculate 
the environmental ‘cost’ and ‘gain’ of each EoL option. Through this, an 
understanding can be gained as to which EoL option is positive or negative with 
regard to environmental impact in relation to landfill as a benchmark. Finally, we 
identify the ‘optimal’ option in terms of environmental impact. 
 
In addition to the environmental impact, economic performance is a key factor in 
the process of recycling technology industrialization, one which cannot be 
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neglected. For the environmental impact, we considered three blade types in 
the analysis since the recycling potential is related to the materials in the blade 
and in some blades, the material is mixed and includes GF and CF. However, 
the GF and CF parts of these blades are easily separated so when the 
decommissioned blades are actually sent for recycling the material will be 
classified by type. GFRP is sent to the GFRP recycling facility and CFRP to the 
CFRP recycling facility. The recyclate value lies in the materials rather than 
blade type. Therefore, in the financial performance analysis, we consider GF 
and CF only rather than three blade types. In the first step, we cover all costs in 
the process of blade recycling from the dismantling, breaking down, transporting 
to the recycling facility and the actual recycling process. Then we use the yield 
rate and recyclate performance to calculate the value of the recyclate. After this, 
we use the value of the recyclate with recycling cost to calculate the net cost of 
each EoL option. We then consider the effects of factors affecting the recycling 
cost including the local electricity cost, equipment cost, labour cost and the 
variation in transportation, and finally discuss the ‘optimal’ EoL option in terms 
of economic performance. 
 
We synthesize the environmental impact, economic performance and 
technology readiness to find the ‘optimal’ EoL option under specific scenarios 
and aim to provide a guideline for policy making and relevant industry 
development. More detailed methodology, hypothesis, data and results are 
presented in Chapter 6. 
3.5. Summary 
This research studies the end-of-life problem of wind turbine blades through a 
pragmatic yet rigorous approach starting from the estimation of the waste 
inventory, then considering the lifetime environmental impact of blades, before 
comparing the environmental and economic performance of the EoL options for 
the blades and eventually determining the ‘optimal’ solution to this problem. In 
Chapter 4, we use the data from 56 blade models and the regional installed 
capacities to comprehensively estimate the global WT blade waste inventory 
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until 2050. In Chapter 5, we discuss the lifetime environmental impact of blades 
under different scenarios and identify the possible actions to reduce this. In 
Chapter 6, we analyse the environmental impact and financial performance of 
all EoL options for WT blades and give the ‘optimal’ choice at the end. 
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4. THE WASTE INVENTORY  
4.1. Introduction 
The research presented in this chapter aims to determine the magnitude of the 
wind turbine blade waste problem: to quantitatively and comprehensively 
understand the life cycle waste inventory of wind turbine blades using accurate 
and state-of-the-art data. The result will provide a solid reference point to help 
the industry and policy makers to understand the size of this potential 
environmental problem and to help to manage it effectively. Compared to 
previous studies, the study presented here offers a more detailed analysis 
which includes such significant factors as the effect of increased turbine size on 
blade mass, the variation between different geographical regions, and a 
consideration of waste generation over the whole blade life cycle. Materials are 
used in the manufacture of WT blades and during their service life, to repair 
damage for example. At the end of their service life, the blades are 
decommissioned and become end-of-life waste material. The magnitude of this 
material usage and these waste streams is estimated using current global data 
and growth predictions under different scenarios. 
 
This study starts by estimating the annual blade material usage by using wind 
energy installed capacity and average blade weight. The effect of other factors 
contributing to waste over the full wind turbine blade lifecycle is then included, 
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using industrial data from the manufacturing, testing and in-service stages. In 
the final section, global and regional blade waste inventories are calculated and 
discussed.  
4.2. Background 
As described in Chapter 1, wind turbine blades are an environmentally 
problematic part of wind turbines, with composites accounting for more than 90% 
of the weight of WT blades (Liu and Barlow, 2016b). At present, most blades 
are made from polymer composite reinforced with glass fibre, although some 
use carbon fibre or a hybrid combination of glass fibre and carbon fibre (Collier 
and Ashwill, 2011). The mainstream resins are high-grade epoxy and polyester. 
Commonly-adopted manufacturing processes use Pre-impregnated fabric 
(Prepreg) and Vacuum Assisted Resin Transfer Molding (VARTM) (see Section 
2.4) (Gurit Composites, 2009c). It is recognised that materials and 
manufacturing techniques will evolve over time, but predictions in this regard 
vary. Some predict that the proportion of carbon fibre will increase (NEEDS, 
2008; McKenna, Ostman V.d. Leye and Fichtner, 2016) and will lead to a more 
serious environmental impact (Liu and Barlow, 2016a). However, current trends 
have provided no clear support for this trajectory; manufacturers may be 
impeded by the high cost of carbon fibre (Liu, 2016a). 
 
Currently, most WT blade waste is sent to landfill, but this is not an 
environmentally benign solution, and indeed many European Union countries 
have forbidden the landfilling of composite waste (Pickering, 2006). Awareness 
of this issue is rising and has been highlighted in recent wind power studies: 
Hayman raises the recyclability problem of wind turbine blades and Larsen 
summarises a few possible recycling options (Hayman, Wedel-Heinen and 
Brøndsted, 2008; Larsen, 2009). Both point out that the relatively short history 
of the WT industry and low production volumes lead to there being no 
successful industrial-scale WT blade recycling processes that are well-defined 
and established. Other studies also explore possibilities for reusing composite 
WT blades including remanufacture and reuse as structural components in 
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buildings, bridges or artificial reefs (Falavarjani, 2012; Asmatulu, Twomey and 
Overcash, 2013). A few ideas have been proposed and have been trialed in 
laboratories, but none of these has emerged as the industrial path of choice for 
end-of-life WT blades, either because of technical or economic problems. With 
the first wave of early commercial wind turbine installations now approaching 
their end of life, the problem of blade disposal is beginning to emerge as a 
significant factor for the future (Liu and Barlow, 2015). 
 
The wind turbine blade waste inventory has been the topic of a limited number 
of studies. Red estimated that 260,000 tonnes of material would be used to 
manufacture wind turbine blades in 2008 and that this number would increase 
to 1.18 million tonnes in 2017 (Red, 2006). Albers notes that every-one kilowatt 
of wind power needs ten kilograms of WT blade materials (10 kg/kW or 10 
t/MW), and predicts that there will be nearly 50,000 tonnes of blade waste in 
2020 with this number exceeding 200,000 tonnes in 2034. Andersen et al. adopt 
Albers’ blade material demand figure of 10 t/MW and predicts that the amount 
of blade material that will need to be recycled annually between 2029 and 2033 
is 400,000 tonnes, and that this will increase to 800,000 tonnes per year by 
2050 (Andersen et al., 2014). These studies clarify that there will be a 
significant number of end-of-life WT blades needing to be decommissioned over 
the next two decades, but it should be noted that the wind power industry has 
developed rapidly in both scope and technology since 2009. Such 
developments include the speeding up of offshore wind development and blade 
up-scaling (Sieros and Chaviaropoulos, 2012; Siemens AG, 2014), which are 
not taken into account in this previous research. Additionally, these studies 
focused on end-of-life stage waste only, and the waste generated in other blade 
lifetime stages such as manufacturing in-process waste, transportation waste 
and O&M waste, has been omitted. These factors need to be included to gain 
an accurate assessment of the WT blade waste inventory. The research 
presented here takes these into account, alongside regional variations, in its 
estimation. 
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4.3. Methodology 
The calculation starts at the manufacturing stage. An estimation of the amount 
of material used to manufacture WT blades globally requires a statistical 
method with input from many different sources. Firstly, we need to know the 
amount of blade material required per unit of wind power, and to quantify how 
this changes over time with the evolution of turbine design and, especially, size. 
Blade material usage is related to blade size and blade size is normally 
determined by a wind turbine’s rated power. Generally, the higher the rated 
power output of wind turbines, the larger the blades, which in turn have a higher 
materials requirement. Nevertheless, the relation between blade size 
(measured by length or weight) and rated power is only roughly proportional, 
not directly proportional. In order to analyse the relation between blade rated 
power and blade weight, we collect blade weight data for 56 models produced 
by 14 wind turbine blade manufacturers and divide them into five classes. In 
each class, the blade masses are summed then divided by the sum of the 
turbine rated power to obtain the average blade material required per unit rated 
power (tonnes/MW) (Section 4.4.1). 
 
Secondly, data on the current annual wind power installed capacity and average 
rated power of newly installed turbines need to be used with the blade material 
per unit rated power to calculate the total blade material usage. These data are 
obtainable from wind power associations combined with some predictions for 
the future growth of the industry. For each specific year and region, we use the 
average rated power in this region for that year to find the blade material 
required per unit installed capacity (t/MW). We then use the unit material 
requirement multiplied by the installed capacity (MW) to get the total blade 
material usage (t) for this region during this period of time (Section 4.4.2). This 
blade material will become the end-of-life (EoL) waste when the blades are 
decommissioned.  
 
The EoL waste does not constitute the full blade inventory. Waste arises from 
the whole blade lifecycle including manufacture, transportation, operation and 
Chapter 4: The waste inventory 
   53 
maintenance, as well as end-of-life. We use a percentage of blade weight to 
represent waste levels, since the amount of waste is proportional to blade size. 
Waste sources in addition to EoL waste are manufacturing in-process waste, 
defective blades, testing blades, routine maintenance, accidental damage and 
blade upgrading. The waste level may vary between blade models and 
manufacturers, so we utilise ‘low’, ‘central’ and ‘high’ scenarios in order to take 
into account all possibilities. Details of waste sources and waste levels are 
given in Section 4.4.3. 
 
Figure 4.1: Logic flow of waste inventory estimation. 
Finally, we sum the waste generated in each region and each year to estimate 
the total amount of WT blade waste material that will be generated over the 
period 2018 to 2050. Parts of this will arise from the manufacture of new blades 
and in-service waste, but the picture will be increasingly dominated by the end-
of-life waste as WT blades are decommissioned (Section 4.4.4). The logic flow 
of waste inventory estimation is presented in Figure 4.1. 
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4.3.1. Data sources 
The installed wind power capacity data are publicly available from multiple wind 
energy associations. Blade specifications including the model, weight, rated 
power and length are partially publicly available from wind turbine specification 
database websites and blade manufacturers’ advertising materials; however, 
this has been augmented with 21 confidential bills of materials (BoM) received 
directly from wind turbine blade manufacturers through site visits and interviews 
with technical directors. Data on the manufacturing waste, operation and 
maintenance (O&M) waste and end-of-life waste have been collected through 
interviews with blade manufacturers and wind farm O&M service providers.   
4.4. Results and Discussion 
4.4.1. Blade mass per unit rated power 
Blade specification data was gathered for mainstream wind turbine blades 
(WTB) ranging in size from 500 kW to 8 MW, and originating mainly from 
manufacturers in the US, Europe and China.  
Figure 4.2: Blade mass VS blade rated power. Modified from: (Liu and Barlow, 2015). 
The finished blade masses of 56 mainstream WTB are presented in Figure 4.2 
as a function of the wind turbine rated power. Although there is notable 
variability in the data, such as a wide range in blade mass for the 2 MW class, a 
05
1015
2025
3035
40
0 1 2 3 4 5 6 7 8 9
Single	b
lade	m
ass/ton
nes
Rated	Power/MW
Sinoma Gamesa Vestas Nordex Enercon DeWind AlstomLZFRP GDUPC Multibird Senvion Adwen Siemens LM	Power
Chapter 4: The waste inventory 
   55 
clear trend linking blade size and power rating can be seen: the higher the rated 
power, the heavier the blade mass. The different blades designed for different 
wind speeds is the main reason caused the variability. Early stage turbines are 
typically installed in regions of high wind speeds. When these regions have 
been occupied, the newer turbines are installed in regions of medium or low 
wind speeds, and the blades of these turbines are designed longer and larger in 
order to capture more wind. 
 
The blades are classified into the following size ranges: less than 1 MW, 1-1.5 
MW, 1.5-2 MW, 2-5 MW and larger than 5 MW. There is a continuing trend for 
wind turbines to up-scale, so the more up-to-date turbines tend to have higher 
rated power and larger blades. The less than 1 MW class covers most of the 
early stage experimental turbines and the early stage commercial turbines. The 
1-1.5 MW, 1.5-2 MW and 2-5 MW classes cover most of the matured and 
maturing commercial onshore wind turbines models and is also projected to 
cover future onshore turbines for the next ten years. The larger than 5 MW 
class is an offshore wind turbine class. An average value of blade mass per unit 
rated power is needed for subsequent analyses, and is calculated for each of 
the turbine size class ranges. For each turbine size class, the blade masses are 
summed then divided by the sum of the turbine rated power to obtain the blade 
mass per unit rated power (tonnes/MW). The results are presented in Figure 4.3. 
Figure 4.3: Blade mass per unit rated power for the different turbine size classes. 
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The mass per unit power is lowest for the smallest wind turbines, ≤1 MW, and it 
increases with size of blade to reach the highest value in large onshore blades, 
2-5 MW. Simple geometric arguments indicate that when the blade length is 
doubled, the blade volume is increased by 23, 8-fold; thus for the same material 
and same design, the blade mass would increase 8-fold. In fact, as Figure 4.4 
reveals, the blade mass does indeed increase with size, but at a lower rate than 
predicted by the conventional mass scaling law. As shown in Figure 4.3, the 
blade mass per unit rated power of the most up-to-date super-large offshore 
blade (>5 MW) is even slightly lower than the large blade class (2-5 MW). 
These mass reductions are due to developments in blade technology leading to 
more efficient structural design, lower safety factors, lighter materials and 
improved manufacturing techniques (Liu, 2015).  
Figure 4.4: Blade mass VS blade size. Modified from: (Liu and Barlow, 2015). 
Blade mass per unit rated power was found to be 8.4-13.4 t/MW, a finding 
similar to that of Albers (2009) as 10 t/MW, but based on more accurate data 
with the effect of wind turbine up-scaling taken into account (Albers, 2009). It 
can be seen that the standard errors in all groups are lower than 1 indicating 
that there is no extreme data in the sample selected. Additionally, the blade 
mass best fit polynomial curve (Figure 4.4) is very close to the United States 
National Renewable Energy Laboratory’s (NREL) prediction (Fingersh, Hand 
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and Laxson, 2006) of the blade mass scaling curve supporting our belief that 
the blade mass sample is appropriate and representative. 
4.4.2. Total wind turbine blade material usage 
The amount of blade mass per unit rated power (t/MW) has been calculated 
above. We need this number for the matched average rated power with the 
installed capacity (MW) to estimate the total material usage for each region at 
any specific time. The average rated power for a single new installed turbine 
and the annual installed capacity depend on regional features. Each region has 
its own strategy for developing wind power and exhibits different features which 
will affect blade waste level. Europe, China, the United States and the rest of 
the world have been selected as the four major wind energy markets based on 
their large volume installed capacities. Data from before 1998 is only available 
for Europe and United States, and is not comprehensive for all regions. 
Moreover, the installed capacity before 1998 was very small in relation to 
subsequent installed capacity and hence the effect of the missing data on the 
final results is negligible. We therefore decided to discard data from before 1998 
and consider only the waste levels after 1998. Note that the latest 2015 data is 
not yet available (data was collected by the end of 2015). Historical data for 
wind power installation is thus provided for the date range 1998 to 2014.  
Figure 4.5: Annual installed capacity by region, from (Liu and Barlow, 2015). 
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Association (EWEA) and the Global Wind Energy Council (GWEC) (EWEA, 
2013; Anthony, 2014; CWEA, 2014; GWEC, 2014a), the commercial wind 
energy industry started first in Europe where more than 50% of global new wind 
turbines were installed between 1998 and 2006, and the growth rate has 
continued steadily since then (Figure 4.5). The new installed wind turbine sizes 
are increasing. The average rated power of new installed wind turbines in 
Europe exceeded 1 MW in 2000, 1.5 MW in 2006 and 2 MW in 2010 (IRENA, 
2012; Woebbeking, 2012; Vitina et al., 2015). The United States also started 
developing wind energy early, installing 20% of global new turbines in 1999. In 
contrast to the stable European market, the US market shows large fluctuations. 
The annual installed capacity is strongly affected by the Production Tax Credit 
for Renewable Energy (PTC) (Wiser and Bolinger, 2015). At its peak, US 
installed 13.1 GW wind energy in 2012, equivalent to 29% of the global market 
share, but this then dropped severely to only 14 GW in 2013. The US average 
new installed wind turbine rated power exceeded 1 MW in 2000, 1.5 MW in 
2006 and 2 MW in 2015 (Wiser and Bolinger, 2015).  In China, wind energy 
production started late with only 617 MW installed before 2005 (1.5% of global 
installed capacity by the end of 2004). Driven by a rapid increase in demand for 
electricity and a strong renewable energy policy, it then experienced meteoric 
growth. The cumulative installed capacity doubled every year during the period 
2005 to 2009 and by 2010 China was the country with the largest installed wind 
power capacity. The average new installed wind turbine rated power for China 
exceeded 1 MW, 1.5 MW and 2 MW in 2007, 2010 and 2014 respectively (Qiao, 
2014). For the rest of the world, the installed capacity has been steadily 
increasing since 2001. As it is very hard to determine the average new installed 
wind turbine rated power for every single country in the rest of the world,  we 
assume the average new installed wind turbine rated power to be the same as 
the global mean value provided by GWEC, and that it will exceed 1 MW, 1.5 
MW and 2 MW in 2007, 2010 and 2014 respectively (GWEC, 2013b, 2014a).  
 
From this data, the annual installed capacity and average rated power are 
obtained from 1998 to the end of 2014. Then we use the average rated power 
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to find its matched unit blade material usage, so the unit material usage in each 
region at any specific time is determined (Table 4.1). Subsequently, this data is 
multiplied by the annual installed capacity to identify the historic blade material 
usage. 
Class Unit blade mass/ t/MW China US Europe 
Rest of 
World 
Up to 1 MW 8.43 Pre 2006 Pre 1999 Pre 1999 Pre 2006 
Between 1 MW and 
1.5 MW 
12.37 2007-2009 2000-2005 2000-2005 2007-2009 
Between 1.5 MW and 2 
MW 13.34 2010-2013 2006-2014 2006-2009 2010-2013 
Between 2 MW and 5 
MW 13.41 2014-Post 2015-Post 2010-Post 2014-Post 
Larger or equal to 5 MW 12.58 Offshore Offshore Offshore Offshore 
Table 4.1: Average new installed single turbine capacity and blade mass per unit rated power. 
Besides the historical data on installed capacity, to determine blade material 
usage for the future, predictions of installed wind energy capacity are required. 
Because the wind energy market is strongly affected by energy policy and may 
show large fluctuations from year to year, in order to estimate the annual 
installed capacity for the year after the latest available data, the average of the 
last three years’ installed capacity plus a growth rate predicted by the 
appropriate wind energy association was used. For example, in order to 
estimate the 2015 installed capacity, the installed capacity of 2012, 2013 and 
2014 was averaged and then multiplied by the predicted growth rate (100+14)%. 
Having established 2015 as the reference year, the installed capacity for 
subsequent years is estimated using only the predicted growth rate.  
 
The estimation of growth rate affects predictions regarding future wind power 
installed capacity, the biggest factor in determining the waste inventory; an 
accurate growth rate is therefore essential. Growth rate is a prediction which is 
based on assumptions and is full of uncertainties. Optimistic, normal and 
pessimistic scenarios are commonly used to cover all the possibilities and here 
we adopt the same growth rate scenario settings as GWEC: ‘Base’, ‘Moderate’ 
and ‘Advanced’. These are defined as follows: “The ‘Base’ scenario is based 
on an assessment of current directions and intentions of both national and 
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international energy and climate policy, even though they may not yet have 
been incorporated into formal decisions or enacted into law. Examples of this 
would include the emissions reduction targets adopted in Cancun in 2010, the 
various commitments to renewable energy and efficiency at national and 
regional levels, and commitments by governments in such fora as the G-8/G-20 
and the Clean Energy Ministerial. The ‘Moderate’ scenario has many of the 
same characteristics as the Base scenario, taking into account all policy 
measures to support renewable energy either already enacted or in the 
planning stages around the world, but at the same time assuming that the 
commitments for emissions reductions agreed by governments at Cancun will 
be implemented, although on the modest side. At the same time it takes into 
account existing and planned national and regional targets for the uptake of 
renewable energy in general and wind energy in particular, and assumes that 
they are in fact met. The ‘Advanced’ scenario is the most ambitious, and 
indicates the extent to which the wind industry could grow in a best case ‘wind 
energy vision’, but still well within the capacity of the industry as it exists today 
and is likely to grow in the future. It assumes an unambiguous commitment to 
renewable energy in line with industry recommendations, the political will to 
commit to appropriate policies and the political stamina to stick with them. It 
also assumes that governments enact clear and effective policies on carbon 
emission reductions in line with the now universally agreed objective of keeping 
global mean temperature rise below 1.5-2°C above pre-industrial 
temperatures.”(GWEC, 2014a).  
 
Different wind energy associations give different growth rate predictions.  Local 
energy associations are likely to provide more accurate growth rate data than 
global predictions as they are more familiar with local situations. We attempted 
to find growth rate predictions for each region, but only European and global 
data was found. We have therefore used the EWEA prediction of growth for 
Europe, and have the GWEC global growth rate prediction for the other three 
regions (EWEA, 2014; GWEC, 2014a). 
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By applying the predicted growth rates to the historic installed capacity data, the 
future installed capacity can be estimated. The historic and future installed 
capacity together form the full picture of installed data. Next, we use the annual 
installed capacity (MW) multiplied by the blade material required per unit power 
(t/MW), to obtain the total blade material usage in each year (Figure 4.6).  
 Figure 4.6: Annual WTB material usage. Data between 1998 and 2014 is calculated based on historic 
installed capacity. Data after 2014 is calculated based on the moderate growth rate scenario. 
4.4.3. Waste contributing factors 
The total blade material usage calculated above is only a part of the full blade 
waste inventory. Waste arises from the whole lifecycle of wind turbine blades 
which comprises four stages: manufacturing, transportation and installation, 
operation and maintenance, and end-of-life. The blades themselves become 
waste at the end of their service life, and are expected to form the largest 
fraction of the total blade waste, but smaller amounts of waste arise in the other 
life stages in amounts that are proportionally related to the amount of materials 
present in the finished blade. For example, the amount of manufacturing in-
process waste is reported in terms of hundreds of kilograms per blade. We can 
then represent the manufacturing in-process waste as a ratio of the finished 
blade weight (%). We use the finished blade weight as the reference value for 
material usage and multiply this by a combined factor that includes all the other 
waste contributing factors. 
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These contributing factors are not of a fixed number and may vary case by case. 
For example, the manufacturing in-process waste is affected by the workers’ 
skills, the blade manufacturing technology used and the manufacturing 
management practices at the site, and thus the factors contributing to waste 
may vary from manufacturer to manufacturer and model to model. In order to 
take these variations into account, three scenarios have been set for each 
factor to give a better understanding of the full picture of blade waste inventory. 
The ‘Central’ scenario is expected to be the closest to reality and to have the 
highest probability, i.e. to be the most likely scenario. The ‘Low’ and ‘High’ 
scenarios represent the lowest and highest possible waste levels respectively. 
 
The manufacturing in-process waste is estimated by subtracting the mean 
finished blade mass from total mass of materials listed in the bill of materials 
(BoM). The difference is the amount of material wasted during the 
manufacturing process. The bill of materials contains the quantity and the types 
of raw materials used in manufacture including the fibre fabric, resin, structural 
adhesives, core, paint, metal accessories and manufacturing process 
consumable materials. It does not include working protection consumables such 
as gloves, masks, containers and packaging. An analysis of the 21 BoMs 
provided by three blade manufacturers revealed that the in-process waste was 
between 12-30%, with a median of 17%, of the finished blade mass (Liu, 2015). 
The data was for 20 blades manufactured from glass fibre and epoxy resin and 
one blade manufactured from carbon fibre for spar caps and the rest from glass 
fibre and epoxy resin using VARTM technology. We assume that waste levels 
are comparable for other manufacturers using the same manufacturing 
technology. The manufacturing in-process waste level is assumed to be 12% for 
the low scenario, 17% for the central scenario and 30% for the high scenario in 
the calculation which follows.  
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The other manufacturing technologies may result in different waste levels. For 
example, the fibre usage of a 45-metre blade with embedded bolts is 450 kg 
lower than the same model finished using bolt hole drilling. Another example of 
variation is that Siemens makes the blade in an unibody without structural glue 
(IntegralBlade® technology). This technology improves the blade integrity and is 
also able to reduce the blade weight and polish and adhesive waste (Siemens 
AG, 2015). LM Wind Power uses polyester resin rather than the more 
commonly used epoxy resin and so may have a different resin usage level to 
that of other manufacturers (P. Liu, 2014). New direct infusion technology, used 
by some manufacturers, utilises a smaller pipe for resin transfer which may 
reduce the resin residue waste (Bland, 2015).  
 
The major in-process wastes are the dry fibre off-cuts from the lay-up process, 
cured composite off-cuts from the blade edge and root, resin residue in flow 
mesh and container, and the dust from the polishing process. The data has 
been collected by the researcher through factory visits (W. Liu, 2014). The 
proportions are shown in Figure 4.7. 
Figure 4.7: Composition of typical blade manufacturing in-process wastes by weight. 
Defects and testing blades are another two sources of waste arising during the 
manufacturing stage. Defects are identified by inspections at various times 
during the manufacturing process. Small defects could be small regions with 
poor resin permeability or a slight bias in the centre of gravity; such defects are 
21%
27%
43%
9%
Dry fibre off-cuts
Cured composite off-cuts
Flow mesh with resin residue
Polishing dust
Reducing the Environmental Impact of Wind Turbine Blades 
64   
quite common and can be remedied during the manufacture stage. Defects 
requiring the whole blade or a whole blade component to be discarded are 
extremely rare and vary from model to model depending on the maturity of the 
model. When new blade models are introduced there may be high failure rates 
of this type, due to difficulties in manufacturing techniques and the unfamiliarity 
of workers with the new model. The rate of defects requiring discard of the 
whole blade is typically around 0.05% to 0.2% (Liu, 2015). They are assumed to 
be 0.05% for the low scenario, 0.1% for the central scenario and 0.2% for the 
high scenario. 
 
To meet certification requirements, a small number of blades are made for 
mechanical testing purposes. In static tests they are typically loaded up to 150% 
of their maximum designed loads to undergo the stiffness and strength tests 
required for blade certification and finite element model validation (MTS 
Systems Corporation, 2012). New blade models also need fatigue testing, 
involving the automated cyclic loading of blades, typically at their resonant 
frequency as a means of exciting the blade and achieving the desired strain rate. 
Some of these static and dynamic testing blades cannot subsequently be used 
in-service for electricity generation, and hence are treated as testing blade 
waste, accounting for around 0.1% of all blades (Liu, 2015). The testing blade 
waste is taken to be 0.05% for the low scenario, 0.1% for the central scenario 
and 0.2% for the high scenario. 
 
Some blades are damaged through improper hoisting, during transport or during 
the installation process, but this rate is very low (Liu, 2015). Waste generated in 
this stage is assumed to be zero in this study.  
 
Routine maintenance, accidental damage and blade upgrading are the three 
major waste sources in the operation and maintenance (O&M) stage for WTBs. 
Routine maintenance includes checking, cleaning, and minor and major repairs. 
The checking and cleaning are regular scheduled maintenance and do not 
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generate waste. The repair of minor flaws or stone damage is very common for 
most blades. Generally, 15 kg fibre, resin and coating paint is enough for each 
of these minor repairs. Minor defects may occur a few times during the blade 
lifetime (Zhang, 2016). We assume they occur 2, 3 and 5 times for the low, 
central and high scenarios respectively, which is equivalent to 30 kg, 45 kg and 
75 kg material consumption. Major repairs only happen on specific blade 
batches and are usually caused by manufacturing defects or design defects. 
Such repairs typically involve re-strengthening work on major structures such as 
the shell bonding, shear web bonding or blade root. Each major repair job 
consumes tens to hundreds of kilograms of fibre, resin and adhesives (Zhang, 
2016). In this study, the consumption of materials for a major repair is taken to 
be 50 kg in the low scenario, 100 kg in the central scenario and 150 kg in the 
high scenario. The repair demand rates for the low, central and high scenarios 
are taken to be 5%, 10% and 20%. The total material consumption for minor 
and major repairs is therefore equivalent to 0.5%, 0.9% and 1.6% of the blade 
manufacturing material under the low, central and high scenarios. 
 
A report indicates that 1-3% of blades fail in the first ten years of operation; the 
highest failure rates usually occur in the initial five years (Malkin, Byrne and 
Griffin, 2015). The main causes of failure are weather and operational errors. 
Quite a few blades break in accidents due to extreme weather: a severe gust or 
high shear event can lead to loads that exceed the blade design strength. 
Incorrect operation can also lead to excessive loads on the blades and may 
considerably shorten the blade life. Examples include incorrect shutdown 
sequencing, incorrect pitch set or failure to maintain yaw alignment during high 
winds (Malkin, Byrne and Griffin, 2015). Some failures need major repairs and 
some require blade replacement. Such blades are treated as accidental O&M 
waste. The waste level is 1%, 2% and 3% of blade manufacturing material for 
the three scenarios.  
 
Blade upgrading is another driver of waste during the operation stage. With 
developments in blade aerodynamics, the newest blades are able to capture 
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more energy for the same wind turbine compared to the blades made previously. 
This improved efficiency leads to some blades being replaced before they reach 
the end of their designed lifetime in order to generate more electricity and also 
more profit, which in turn leads to extra waste. Some blade manufacturers also 
provide an aerodynamic efficiency upgrading set which can be installed on 
blades to increase annual energy production (AEP) by 2-4% (Siemens AG, 
2014). Such blade upgrade materials should be taken into account in the waste 
inventory. The feedback from industrial partners indicates that blade upgrading 
does happen at various times depending on region, but no details have been 
reported and the proportion of blades upgraded and the amount of material 
involved has been difficult to ascertain. Based on the feedback we have 
received (W. Liu, 2014; Zhang, 2016), we assume the upgrading waste is 2%, 5% 
and 10% of blade manufacturing material for the low, central and high scenarios 
respectively. 
 
Lifetime is another factor that may affect the volume of blade waste. Typically, 
the designed lifespan of a wind turbine is about 20 years. Currently, there is no 
large scale commercial wind farm that has yet reached its design lifetime, so no 
one has experience of the potential for wind turbine life extension. Gamesa 
presented their research exploring the possibility of life extension at EWEA 
2015 (Gamesa Corporación Tecnológica, 2015). They state that extending the 
life of the tower and nacelle is relatively straightforward but is much more 
difficult for the blades. Their oldest blades have been in operation for 17 or 18 
years. Some them have already suffered defects or fatigue problems at the 
shell bonding and root connections which require major work to repair. Gamesa 
predict that some blades could be used for more than 20 years, and maybe up 
to 25 years, but that it is not possible to extend the life to more than 27 years. 
Based on this, we propose 18 years, 20 years and 25 years as the lifespan for 
blades under our three different scenarios.  
 
To summarise, the in-process waste and defective blade waste are generated 
during the blade manufacturing process, while testing blade waste is generated 
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before volume production begins. The time differences here are small, so we 
assume these three types of waste are generated at the same time, which is 
during the first year of the lifetime of the blade. The routine O&M waste is 
generated through maintenance and repair which happen over the whole blade 
lifetime, but generally small-scale repair and maintenance work happens more 
frequently in the initial few years. The accidental O&M waste is also mainly 
generated in the initial few years and hence we assume all the O&M waste is 
generated in the sixth year. In contrast, as the main purpose of blade upgrading 
is to improve power generation efficiency, it is driven by relatively slow progress 
in aerodynamics research and blade technology. When advances are made, it 
may take some time for the market to accept these changes and respond, and 
therefore we assume that blade upgrading, with associated waste generation, 
will not take place until the 16th year of the lifetime of the blade. Turning to blade 
lifetime, based on the conclusions from Gamesa we conclude that a proportion 
of blades develop serious defects and need major repairs or to be 
decommissioned in the 17th/18th year after commissioning (high scenario), while 
most blades have a design lifetime of 20 years and will be decommissioned in 
their 21st year (central scenario). As mentioned above, Gamesa also predicts 
that it will be possible to extend some blade lifetimes to 25 years without major 
defects arising. In this case, blades will be decommissioned in their 26th year 
(low scenario) (Gamesa Corporación Tecnológica, 2015). 
 
Lifecycle Manufacturing Service EoL 
Total  
In-process 
waste 
Testing 
blade 
waste 
Defective 
blade 
waste 
Routine 
O&M 
waste 
Accidental 
O&M 
waste 
Upgrading 
waste 
Year of 
EoL waste 
generated 
Year of 
Generation 1
st 1st 1st 6th 6th 16th 18th-26th 
Low 
scenario 12% 0.05% 0.05% 0.5% 1% 2% 26
th 15.6% 
Central 
scenario 17% 0.1% 0.1% 0.9% 2% 5% 21
st 25.1% 
High 
scenario 30% 0.2% 0.2% 1.6% 3% 10% 18
th 45.0% 
Table 4.2: Summary of waste contributing factors. Percentage represents % of finished blade mass. 
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These waste contributing factors are summarised in Table 4.2 and the 
calculation logic is presented in Figure 4.8. The combined factors for waste 
generated in the first three lifecycles stages, manufacture, transport and 
installation, and operation and maintenance, are 15.6%, 25.1% and 45.0% for 
low, central and high scenarios respectively. 
Figure 4.8: Waste generation flow from manufacture to end-of-life. 
 
4.4.4. Waste inventory 
The blade waste inventory consists three types of waste: Manufacturing waste, 
Service (O&M) waste and EoL waste. Manufacturing waste is the waste 
generated in the manufacturing stage and consists mainly of dry fibre offcuts, 
composite offcuts, resin residue and vacuum consumables. Service waste is the 
material used during the lifetime of the blade for routine maintenance, repair of 
accidental damage and blade upgrading and is mostly fibre fabric, resin and the 
discarded defective composite parts. EoL waste refers to the retired blades, so 
mainly comprises composite material (93%wt), with 2%wt PVC, 2%wt balsa and 
around 3%wt metal, paint and putty (Liu and Barlow, 2016b). We will discuss 
the total waste inventory first, then discuss the waste inventory by type. 
 
 
 
 
 
Blade material 
usage
Manufacture
• In-process 
waste
• Testing blade
• Defective blade
• Generate at 1st 
year
• Total 17.2% at 
central scenario
O&M
• Routine service 
waste
• Accidental 
damage waste
• Generate at 6th 
year
• 2.85% at central 
scenario
Upgrading
• Generate at 
16th year
• 5% at central 
scenario
End-of-Life
• 100% equivalent 
to blade material 
usage
• Generate at 
21st year in
central scenario
Blade waste 
inventory @ 
125% in 
central 
scenario
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 Figure 4.9 Upper: Global wind turbine blade waste 2050 in million tonnes (Mt), showing the effect of three 
different projection scenarios for each of three governing factors. Waste level includes waste contributing 
factors during both manufacture and O&M. The final column shows the maximum and minimum waste 
values obtained by combining the factors. Lower: Waste variation compared to benchmark in %. 
The upper part of Figure 4.9 presents the estimated global wind turbine blade 
waste inventory in 2050 under different scenarios. ‘Growth rate’ is the predicted 
annual wind power installation growth rate. The ‘waste level’ includes the waste 
contributing factors during manufacture and the O&M stage. ‘Lifespan’ is the 
duration for which the wind turbine blade is in operation. Firstly, we aim to 
identify the most likely waste volume in 2050. We therefore ascribe all the 
variables to the most likely setting: the growth rate is set to the moderate 
scenario and the waste level and lifespan are set in the central scenario. This 
leads to an estimate of the most likely blade waste volume of 43.4 Mt in 2050. 
An analysis is then performed by looking at the ‘best’ and ‘worst’ cases. For the 
‘best’ case, all the factors are chosen to benefit low waste volumes, such as a 
low manufacturing in-process waste level, a low new installed capacity and a 
long blade lifespan, giving a lower limit of blade waste at 21.4 Mt. For the ‘worst’ 
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case, factors are correspondingly set in favour of high waste volume giving a 
blade waste upper limit of 69.4 Mt. 
 
The lower part of Figure 4.9 presents the sensitivity analysis of the variables. It 
shows the results variation in percentage (%) compared to the most likely 
scenario as a benchmark. The growth rate is affected by the amount of wind 
power capacity installed. The higher the growth rate, the more new turbines will 
be installed, and the larger the amount of waste in the future. In the base 
scenario, the total waste will be 28% less than that of the benchmark while in 
the advanced scenario, it will be 19% more. Waste levels are related to the 
manufacturing waste and O&M waste levels. With high-level manufacturing in-
process waste management (less in-process waste) and high quality blades 
(less repair required), the low waste scenario will apply. In this case the total 
waste inventory is 14% less than the benchmark. By contrast, for the high 
scenario, the waste is 32% higher than benchmark. Blade service time is 
another variable: if the blade service time is increased beyond the design 
lifetime, the demand for new blades will be lower. The blade waste can be 
reduced by up to 21% if the blades can serve for as long as 25 years. 
Conversely, if the blade lifetime falls below the design lifetime, the waste 
inventory may rise by 10%. When all factors are considered together, the waste 
inventory in the lowest case is 51% lower than the benchmark and in the 
highest case is 60% higher.  There is a factor of up to 3.2 difference between 
the best and worst scenarios, so there can be significant benefits from 
advances such as improvements to blade manufacturing technology. Whatever 
scenarios are chosen, however, the total waste in 2050 will be in the order of 
tens of million tonnes which will lead to serious environmental problems unless 
proper solutions can be found.  
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Figure 4.10: Global wind turbine blade waste projection up to 2050. 
We will now look at waste type and regional features. In the following 
discussions, we use the most likely case (43.4Mt), the moderate scenario for 
growth rate, and the central scenario settings for the other variables. As shown 
in Figure 4.10, the annual scrap from manufacturing and service steadily 
increases from 2018 with the growth of new turbine installation. It reaches 500 
kt in 2034 and will keep increasing with the growth in blade manufacturing. By 
contrast, end-of-life waste starts in 2018 under the central scenario since the 
wind turbine installation data starts from 1998 and the design lifetime is 20 
years. It increases sharply to 500 kt per year in 2029, overtaking the sum of all 
the other waste sources to form the largest waste source at that time. This end-
of-life waste stream will annually generate more than 2 Mt of blade waste in 
2050.  
 
The EoL waste in the central scenario between 2020 and 2026 is close to the 
data estimated by Albers (2009). After 2027 our estimate of EoL waste is higher 
since up-to-date installed capacity data is adopted, and the accuracy of unit MW 
blade material demand is improved upon. For the EoL waste between 2029 and 
2033, our results (around 500,000 t) are 20% higher than Andersen’s prediction 
(400,000 t) (Andersen et al., 2014). This is because our unit blade material 
demand from 2009 to 2013 is 12-13 t/MW, higher than Andersen’s 10 t/MW. 
The unit blade material demand is more accurate in our research as it is directly 
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calculated from multiple real blade model weights rather than estimated from 
more generic data. For 2050, Andersen estimates that the blade waste will 
exceed 800,000 tonnes per year. This figure assumes that the cumulative 
installed capacity by 2030 will be 80 GW, and that 1/20 of this will be 
decommissioned by 2050. Our prediction is based on a more detailed model 
which includes more precise estimates of annual changes in installation 
capacity.  
Figure 4.11: Projection of regional end-of-life wind turbine blade waste up to 2050. 
The blade waste ratio and volume of end-of-life waste vary by region (Figure 
4.11).  China will face the biggest blade waste problem and will need to process 
40% of the global blade waste generated between now and 2050; the 
equivalent figures for Europe and the United States are 25% and 16%. Since 
Europe started installing large scale wind farms earlier than other regions, it will 
be the first to encounter the end-of-life waste problem and in 2018 will face the 
need to process 15,000 tonnes of end-of-life blade waste, which will increase 
annually to more than 50,000 tonnes in 2022. 
4.4.5. Model limitations 
A number of assumptions and approximations have been carefully made in this 
work. We have used different scenarios to demonstrate the sensitivity of the 
analysis to various factors, but the uncertainties in some of the predictions 
result in large ranges in the estimates. Their accuracy relies strongly upon the 
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input data availability and quality. A key uncertainty is the wind energy growth 
rate prediction. Accurate regional growth rate predictions are not available, so in 
this study we have used the single figure of the global growth rate to provide 
estimates for the growth in China, the US and the rest of world. As the growth 
rates strongly affect the total waste inventory, once more accurate predictions 
can be identified, they should be used in the analysis. One limitation is that we 
did not consider the effect of possible transitions to other manufacturing 
technologies, such as unibody manufacturing technology, because of a lack of 
information: the bills of materials from manufacturers are classified (current data 
has been gained through personal contact). Further information would be 
required to investigate this aspect further. Another potential area for refinement 
is that in the current work we have not included offshore (≥ 5MW) turbines in the 
final waste inventory estimation. The reason is the current offshore installed 
capacity is much smaller than onshore and the forecasts for future growth are 
very confused. Most estimates, however, predict that offshore capacity will not 
exceed 5% of the total wind energy market, so the effect of the omission is 
expected to be limited. This could be reviewed when further data becomes 
available. 
4.5. Summary 
This chapter has systematically analysed and predicted the amount of global 
wind turbine blade waste that will be produced up to 2050 using the best 
available data from wind energy associations and blade manufacturers. 
Manufacturing waste, service waste and end-of-life waste are the three major 
sources of blade waste. Over the lifetime of the turbine, waste generated during 
manufacturing and service adds an additional 16% to 45% of the finished blade 
mass. A sensitivity analysis of the contributing factors reveals the most 
significant elements and provides insight into where waste could be minimised. 
The balance between the waste generated by the different contributing factors 
changes over time. Manufacturing and service waste is currently the largest 
contributor, but end-of-life waste is increasing rapidly and is projected to equal 
manufacturing and service waste in 2029. The waste stream after this time is 
dominated by end-of-life blades which will present a great challenge. Our 
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results show that the end-of-life waste stream will annually generate more than 
2 Mt in 2050 and cumulative blade waste in 2050 will lie between 21.4 Mt to 
69.4 Mt with the most probable waste level being 43.4 Mt. Europe will face the 
problem first and ultimately China will have the largest waste inventory.  
 
Having quantified the amount of waste associated with wind turbine blades, the 
next chapter turns to the use of material flow data to estimate the lifetime 
environmental impact of wind turbine blades throughout manufacture, 
transportation and O&M in terms of energy consumption, CO2 emissions and 
water consumption. 
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5. LIFETIME 
ENVIRONMENTAL IMPACT 
5.1. Introduction 
In the last chapter, the blade waste inventory was systematically analysed and 
discussed, and projections made. The information thus generated included the 
amount and type of waste and the time scale of the production of blade waste. 
However, these figures in themselves are arguably of limited value without an 
understanding of the impact of these quantities. Certain questions arise, 
therefore, which require addressing: Firstly, what is the impact of tens, 
hundreds and millions of tonnes of this waste on the environment? Secondly, 
what are the consequences if the blade waste were not to be processed? In 
addition, we need to explore which stage of the blade lifetime causes the 
greatest environmental impact and what the recycling potential is of the blade 
waste.  
 
In this chapter, we analyse the lifetime environmental impact of wind turbine 
blades using the eco-audit approach. In order to do this, the impact from all the 
three stages of the blade lifetime is analysed i.e. from the manufacturing, the 
transportation, and the operation and maintenance stages. Meanwhile, in order 
to ensure an accurate and robust result, a range of industry development 
scenarios are also considered and discussed. The energy consumption and 
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CO2 emission are the two key measurements adopted to assess environmental 
impact. Finally, the blade environmental impact data will answer the questions 
proposed above, and will provide a reference to support decision-making with 
regard to end-of-life options. 
5.2. Background 
A number of life cycle assessment (LCA) or life cycle inventory (LCI) studies on 
wind power technology have recently been carried out to assess wind power’s 
environmental impact (Barlow, Ashby and Shercliff, 2008; Lee and Tzeng, 2008; 
Garrett and Rønde, 2013; Ozoemena et al., 2013). These studies present the 
environmental impact of wind power from a system perspective and compare 
the differences between different renewable energies, but the impact from the 
turbines themselves has only been roughly estimated. 
 
In order to address the environmental impact of wind turbines in detail, 
Gürzenich et al. (1999) makes this attempt and estimates the cumulative energy 
demand of one model of 1.5 MW wind turbine with a 33 metre blade to be 
around 14,000 GJ, stating that this number varies slightly when the turbine is 
installed onshore, close-coastal or coastal (Gürzenich et al., 1999). Lenzen and 
Munksgaard (2002) compare the energy consumption and CO2 emissions of 
different models of early stage wind turbines. They found that the difference in 
the energy requirement of different sized wind turbines in previous studies 
spans more than one order of magnitude, and that this is due to the uses of 
embodied energy data, the scope of the analysis, the methodology used, and 
the choice of tower materials (Lenzen and Munksgaard, 2002). In order to 
explore the effect of technology development, Tremeac and Meunier (2009) 
compared the difference between 250 kW and 4.5 MW turbines, finding that the 
energy consumption of emerging turbines (4.5 MW) is much higher than that of 
an early stage model (250 kW), but that the energy consumption per unit rated 
power is similar (Tremeac and Meunier, 2009). Similarly, Crawford evaluated 
the energy consumption of 850 kW and 3 MW turbines (Crawford, 2009). He 
found the energy consumption to be significantly higher than in previous studies 
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and that the size of wind turbines did not appear to be an important factor in 
optimising their life cycle energy performance. Other studies have covered the 
environmental impact either of a single wind turbine model (Vestas, 2006; E. 
Martínez et al., 2009; Eduardo Martínez et al., 2009; Razdan and Garrett, 2015) 
or have analysed the overall impact of a tens of megawatts wind farm by 
considering the local geography and wind resource features (Wagner and Pick, 
2004; White, 2006; Ardente et al., 2008; Rashedi, Sridhar and Tseng, 2013). 
One consequence of the different data sources and assumptions made in these 
studies is that there is considerable variety in the results. Most of the studies 
highlight the point that as the blade is a crucial component of wind turbines, its 
environmental impact is significant. However, the analyses of its environmental 
impact are only approximate and the research focussing on the blades is quite 
limited. 
 
In order to further understand the environmental impact of blades with different 
material composition in detail, one recent study carried out by Merugula et al. 
(2012) makes a life cycle assessment (LCA) of applying carbon nanofibers as 
reinforcement for blades, finding that due to the high energy consumption of 
carbon nanofibers, the global warming potential increases by nearly 100% per 
kWh electricity generated with 5% carbon nano fibre mass in the blades 
(Merugula, Khanna and Bakshi, 2012). The energy consumption of the blades 
was not stated. Other research on the environmental impact of the blade 
examines the use of natural fibres such as bamboo and flax to replace 
conventional glass or carbon fibre as reinforcement materials. These studies 
reveal that natural fibre could potentially reduce the blade’s environmental 
impact when the natural fibre is mixed with conventional glass fibre and carbon 
fibre (Xu, Qin and Zhang, 2009; Birkved, 2013; Corona, 2015). In all of these 
studies, the environmental impact of the major materials (fibre and resin, mostly 
assuming a ratio of fibre to resin of 60:40 by weight) in a blade has been 
considered, but in a real blade, a variety of other materials are used such as 
balsa wood and PVC as core materials in the shear web, steel bolts in the blade 
root connections, and the paint used for coating. A number of contributing 
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factors are thus omitted and the details of blade material usage are not well 
addressed. Additionally, the studies above only assess the impact of one or two 
blade models and the data sample is therefore quite limited. As wind turbine 
blades develop rapidly, development trends such as up-scaling and material 
transition should be taken into account. In sum, research to date cannot provide 
a full picture of the ecological problem presented by WT blades. 
 
In order to overcome these weaknesses, the present study looks at the 
environmental impact of all stages of the wind turbine blade lifetime with a 
spectrum of 21 blade models and considers the effects of the following factors: 
blade technology development, the different waste levels between 
manufacturers, regional features, and the transition in blade material from GF 
towards CF (Section 2.2.6). Analysis of these contributing factors provides i) 
more accurate and comprehensive environmental impact data for WT blades; ii) 
insights into the reason for the differences between blade impacts; iii) an 
understanding of where most of the environmental impact in the blade lifecycle 
is produced and where this can be reduced. 
5.3. Methodology 
The eco-audit approach is adopted here to estimate the environmental impact 
WT blades. The blade lifecycle contains four main stages: the manufacturing, 
transportation, operation and maintenance (O&M) and end-of-life (EoL). The 
first three are the ‘lifetime’ stages which will be analysed in this chapter while 
the environment impact from the end-of-life will be discussed in the next 
chapter. The procedure for the eco-audit of a product is shown in Figure 5.1. 
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Figure 5.1: The energy audit method. User-defined inputs are combined with the data drawn from 
databases of embodied energy of materials, processing energies and transportation type to create the 
energy breakdown. The same tool can be used for the assessment of water consumption and CO2 
emission. Source: (Ashby, 2009). 
The blade lifetime impact has been analysed by eco-audit as follows: 
• Step 1: By analysing the bill of materials (BoM) for blades, we classify all 
the materials used to manufacture the blade into major material 
categories such as fibres, resins and accessories (See Appendix B). The 
total usage of each type of material is then calculated. After that we find 
the embodied energy and processing energy of those materials from the 
Eco-Selector 2016 eco database (Granta Design, 2016). Then, we 
calculate the energy consumption in manufacturing by using unit 
embodied energy plus unit processing energy times the material usage. 
Finally, by adding the manufacturing energy of all materials together, the 
blade manufacturing energy is obtained. A similar process is undertaken 
for CO2 emissions and water consumptions. 
• Step 2: We analyse the environmental impact from transportation by 
considering the transportation method and shipping distance. Firstly, we 
consider the blade size and weight to identify suitable transportation 
method, and check with industry partners to understand the real 
transportation situation. Then we look for the unit distance environmental 
impact of each transportation method. Subsequently, we analyse a few 
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real blade transportation cases to identify the shipping distances. Finally, 
the transportation impact is calculated by multiplying the unit distance 
impact by the shipping distance.  
• Step 3: We evaluate the impact of the O&M stage. Firstly, we consider 
the repair frequency and the material demand in the low, central and high 
scenarios (Section 5.3.4). Then we calculate the total material demand. 
Next, we use the demand for each type of material times the unit material 
impact to obtain the impact of each type of material. Eventually, we add 
up the impacts of all materials to get the total O&M impact. 
• Step 4: We add together the data in the three steps above to obtain the 
blade lifetime impact, and then analyse the results.  !%&$'(&)*'+#	-.	!*+&$/01+*&*21$	-.	!3&5 = 89:;	:<=>?;	×	><-A9; (1) !62(#*2%# = !%&$'(&)*'+# + !*+&$/01+*&*21$ + !3&5    (2) 
5.3.1. Goal and scope definition  
The single wind turbine blade is selected as the functional unit in this analysis. 
The eco-data come from the CES Eco-selector 2016 database and are double-
checked with the literature. The key measurements used to assess the blade 
environmental impact are energy consumption, carbon dioxide emissions and 
water consumption. Twenty-one blade models of different sizes, different 
materials and made by three manufacturers are analysed. Visual disturbance, 
noise and other ecological disturbance are not considered in this study. The 
system boundary was limited to the blade factory, transport route and wind 
farm. A medium sized, 45 metre, 7.5 tonne, 1.5 MW rated power blade (Model 
45.2A from Sinomatech Wind Power Blade) is adopted as a reference blade for 
the transportation and O&M impact calculations. 
5.3.2. Terms definition 
5.3.2.1. Bill of materials 
A bill of materials (BoM) is an extensive list of all the information about material 
types and usage in the manufacturing process, such as the product code, part 
number, part version, description, quantity, unit of measure, size, length, weight 
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and specifications (Investopedia, 2016). It can be used to estimate accurately 
the material usage of a product, in this case, a blade. 
 
Twenty-one BoMs of mainstream blade models from three blade manufacturers 
have been analysed (nine from Sinomatech, six from LZFRP, six from GDUPC; 
three of the top four blade manufacturers in China by production volume). The 
analysis includes all the materials used in blade manufacture which are then 
categorised as major materials, supporting materials and consumables, as 
shown in Table 5.1. Personal protection equipment (e.g. gloves and masks) and 
reusable manufacturing equipment (e.g. scissors and moulds) are not included.  
Major Supporting Consumable 
Carbon fibre UD Steel accessories Continuous filament mat Resin flow pipes 
Glass fibre UD Copper accessories Peel-ply/release film T-fitting and infusion valve 
Glass fibre multi-axial 
fabric 
Aluminium 
accessories Vacuum bag film 
Mould cleaner and 
releasing agent 
Resin Balsa Porous membrane Hand Spray adhesives 
Resin curing agent PVC Flow mesh layer Gel coat 
Structural adhesives Paint Breather bleeder  
Structural adhesive 
curing agent Putty 
Vacuum bagging 
sealant tape  
Table 5.1: Material types in blade BoMs. 
5.3.2.2. Embodied energy 
Embodied energy in this study is the energy consumed by the production of 
materials used in WT blades. It is also referred to as material embodied energy 
which can vary significantly according to the type of the fibres and the 
manufacturing processes (Composites UK, 2017). 
5.3.2.3. Environmental impact 
The environmental impact is defined as the effect that the activities of people 
and businesses have on the environment (Glasson, Therivel and Chadwik, 
2012). In this study, we consider the indicators of environmental impact as the 
energy consumption, CO2 emission and water consumption. 
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5.3.3. Data source 
The environmental impact data used in this study is obtained from the Eco-
selector 2016 database. In order to ensure accuracy, the impact data of major 
materials (reinforcement and matrix) have been double checked with data in the 
literature. The data adopted are shown in Table 5.2. 
Material Embodied energy (MJ/kg) 
CO2 emission 
(kg/kg) 
Water consumption 
(l/kg) 
Reinforcement 
CF fabric 286.0 20.3 7.4 
GF fabric 52.0 3.0 95.0 
Matrix 
Epoxy based chemicals 
for matrix (resin, curing 
agent, structural adhesive) 
132.0 6.5 28.0 
Polyester 78.0 2.5 200 
Accessories 
Steel 32.3 2.4 51.0 
Aluminium 200.0 13.0 1170.0 
Balsa 12.2 0.6 700.0 
PVC 80.5 5.2 455.0 
Polyurethane or epoxy 
based chemical for 
coating (Paint, putty and 
spray adhesives) 
89.4 5.2 295.0 
Manufacturing processes 
VARTM 10.2 0.82 11.2 
Autoclave 22.0 1.75 n/a 
Table 5.2: Unit environmental impact data for materials in a blade. Data mainly from Eco-selector 2016 
database. Reinforcement and matrix data is doubled checked with literature (Suzuki and Takahashi, 2005; 
Song, Youn and Gutowski, 2009; Duflou et al., 2012; Granta Design, 2016).  
5.3.4. Scenario setting 
As stated in Chapter 4, the materials used on the WT blades may vary from 
region to region, manufacturer to manufacturer and blade model to blade 
model. The environmental impact of blades varies with variations in material 
usage. For each stage, we adopt low, central and high scenario settings in 
order to represent the variations and to give a better understanding of the full 
picture of blade environmental impact. The ‘Central’ scenario is expected to be 
the closest to reality and to have the highest probability, i.e. to be the most likely 
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case. The ‘Low’ and ‘High’ scenarios represent the lowest and highest possible 
impact levels respectively.  
 
In the manufacturing stage, since the environmental impact of manufacturing is 
directly calculated from the blade material usage based on the actual BoMs in 
use, the difference between the real consumption and our calculation is tiny. 
Although, there is variation in manufacturing waste levels between blade 
models, the variation between blade models is already taken into account 
through the fact that 21 blade models are being evaluated, so the 
manufacturing impacts all come under the ‘Central’ scenario and high and low 
scenarios are not necessary. 
 
On the other hand, in the transportation stage, the environmental impact 
depends on the transportation method and shipping distance. Generally, due to 
the large size of blades, they need special transportation which leads to a high 
transportation cost. Because of this, wind turbine manufacturers commonly 
prefer to purchase blades manufactured near the wind farms. Sometimes blade 
manufacturers will build blade factories near wind resource abundant regions or 
big wind farm areas, in order to reduce transportation costs and shorten lead 
times. For example, Gansu province, in China, has superior and abundant wind 
resources, so in 2008 the Gansu local government planned many new wind 
farms. In 2009, one of the largest Chinese wind turbine blade manufacturers, 
Sinomatech, founded a new factory near Jiuquan city in Gansu in order to 
satisfy the local demand for wind turbine blades (Sinomatech, 2009). However, 
blades do need long distance shipping in some situations, for example when 
new markets are being explored, or new technologies are being launched (Lu, 
2010; W. Liu, 2014). Different scenarios are therefore needed to cover the 
environmental impact of transportation in all cases and give a comprehensive 
answer. 
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In the O&M stage, the repair material usage varies between blades and may be 
affected by variation in blade quality, the weather, and service level. For 
example, if there is extreme weather, the blade may be damaged accidentally 
and extra repairs be required. As the material demand increases, so too will the 
environmental impact. Hence, we also adopt different O&M scenarios to 
consider all the possibilities of O&M impact.  
5.3.5. Energy payback time 
As blade size differs, it is hard to judge whether the environmental impact of a 
given blade is high or low just by comparing overall impact. Blade rated power 
is therefore used to calculate the blade’s power generation capacity and energy 
payback time (EPBT), is a metric for the time taken for the system to generate 
the amount of energy required for its own manufacture, transport and 
installation, operation and disposal (Merugula, Khanna and Bakshi, 2012). 
EPBT is used to compare blade impact levels in a fair way. 
 
Wind turbine energy generation (!"#$)	is the total energy generation by a wind 
turbine through its lifetime which is a function of rated power (D , in MW), 
capacity factor (E), and life span (;/, in year). Capacity factor is the ratio of 
actual energy production to full power theoretical production at continuous 
operation. The typical onshore wind turbine capacity factor is between 20-35%; 
here, we assume it is 30% (GWEC, 2012). The rated power depends on the 
blade matched turbine model. The designed lifespan of a wind turbine blade is 
assumed to be 20 years. The annual energy production (AEP) is the amount of 
energy generated by the wind turbine per year. Wind turbine energy generation 
is calculated as follows (24h in day, 365 days in year): 	 !"#$ = DE;/×24×365 = K!D×;/	(MNℎ)	
Cumulative energy demand (CED) is an indicator of the overall life cycle 
environmental impact of many non-agricultural goods which is equivalent to the 
total energy consumption in this study. Energy payback time (EPBT, in month) 
is defined as:    	!DPQ = RSTSUVW 
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5.4. Results and discussion 
5.4.1. Manufacture 
In the first step, we analyse the BoM. The materials used in the reference 1.5 
MW blade are presented in Figure 5.2. Fibre reinforcement (58%) and resin 
matrix (31%) are the two major materials used and comprise more than 89% of 
the total material usage. Supporting materials, such as the core material and 
metal accessories, amount to 5.4%. The coating material comprises 1.6% of the 
total and the VARTM consumables, 4.2%. 
Figure 5.2: Material by weight in the reference blade. 
In the second step, the material usage is multiplied by the unit embodied energy 
for each type of material to calculate the materials energy consumption. After 
that, the amount of material processed is multiplied by the unit processing 
energy to calculate the processing energy in the manufacturing processes. Due 
to most of the supporting materials being pre-made and ready for use in the 
blade when they have been shipped to the blade factory, and the boundary of 
this study is defined as the blade factory, given that only the energy in 
composite manufacturing is considered. All the blade models in this study are 
made with the vacuum assisted resin transfer molding (VARTM) technique, 
whose processing energy consumption is 10.2 MJ/kg. By using the fabric and 
resin usage times the VARTM processing energy, the manufacturing process 
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energy consumption is obtained. Adding together the material embodied energy 
and processing energy results in a figure for the total energy consumption in the 
manufacturing stage. Finally, by applying the same method to unit CO2 
emission and water consumption, data for these indicators is also obtained and 
is presented in Figure 5.3. 
Figure 5.3: Material by weight, energy consumption, CO2 emission and water consumption of the reference 
1.5 MW blade in the manufacturing stage. 
As shown on the left of Figure 5.3, fibres comprise the largest portion of 
materials. If we want to reduce the amount of blade waste, it should be 
considered first. Currently, most recycling technologies consider fibre as the 
major target to recover (Pickering, 2006; Larsen, 2009; Job, 2013). 
Nonetheless, when we consider the environmental impact matrices, it is the 
resin which has the largest amount of energy consumption and CO2 emissions. 
If resin can be recycled, the environmental impact of a blade will be reduced by 
a greater magnitude and the benefits from recycling will be more significant. 
The manufacturing process is the third largest contributor to energy 
consumption and CO2 emission after fibre and resin. Any effective method able 
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to reduce the processing energy would benefit the overall blade impact. Turning 
to water consumption, fibre comprises the largest portion and the core materials 
come to play a significant role due to the high demand of water in wood growth 
and plastic production. Attention should be paid to core material usage if we 
want to reduce water consumption in blade manufacturing.  
 
In addition, after comparing the total weight of materials in the BoMs with the 
finished blade weights, we find that the levels of manufacturing in-process 
waste differ between manufacturers (see Table 5.9). This indicates that we 
could potentially reduce the material usage and thus the impact if the blade 
industry can work together to figure out what is contributing to the differences in 
the levels of waste, and identify the lowest waste solution. This action may 
benefit both the blade manufacturers and the environment.  
5.4.2. Transportation 
Wind turbine blades are commonly transported by medium- to large-sized truck 
or cargo ships. The choices depend on blade size, weight and the location of 
the wind farm (for example, in a plain or on a mountain). Photos of a blade in 
transportation and a size demonstration are shown in Figure 5.4. 
  
Figure 5.4: Left, wind turbine blades being loaded. Right, blade transportation in a mountain area. Source: 
Siemens and Windpower Monthly. 
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Class Typical length (m) Typical weight (t) Rated power (MW) 
Early blade Less than 40 6.5 ≤ 1 
Contemporary blade I 45 10.0 1.5-2.0 
Contemporary blade II 55 14.0 2.0-3.6 
Emerging blade 65 25.0 ≥ 5 
Table 5.3: Blade size classes. Data collected in 2014 and 2015. 
Standard options for road freight are trucks capable of taking 14 or 32 tonne 
loads. Table 5.3 shows how blade weights have changed over time, divided into 
four classes. Although most of early stage and contemporary blades are lighter 
than 14 tonnes and so could in theory be transported using the medium-sized 
14 tonne trucks, due to their large size they normally need a special large truck 
(see Figure 5.4), and a truck can only carry only one blade a time. Since there 
is no energy consumption data available for the special truck, an assumption is 
made that the unit transport energy is the same as an ordinary 32 tonne truck, 
as the load capacity is similar, and this is used in the following calculation. 
Moreover, we note that they are not carrying their full payload. There is some 
difference in truck fuel efficiency between full and half loads, but it is hard to 
quantify in this case and we assume the fuel consumption is the same as when 
the truck is fully loaded. For sea freight, no information has been found 
regarding the effect of blade size on energy consumption. We assume the 
transport energy for blades transported via sea freight is the same as that of 
normal goods. The CO2 emission conversion rate for all transportation methods 
is 0.071 kg/MJ. The unit energy consumption for transportation is listed in Table 
5.4. 
 
Transport energy 
(MJ/tonne/km) 
Transport energy per 
truck (MJ/ /km) 
CO2 emission 
(kg/MJ) 
Sea freight 0.16 n/a 0.071 
32 tonne truck 0.46 14.72 0.071 
14 tonne truck 0.85 11.90 0.071 
Table 5.4: Transportation eco-data from CES Eco-selector 2016. 
Now, we set a few scenarios in order to gain an understanding of the range of 
energy consumption during the transportation stage. As mentioned above, 
blade manufacturers commonly try to make the blades close to regions where 
wind resources are abundant, or where turbines are expected to be installed, in 
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order to reduce the cost of transportation. For example, a Beijing blade 
manufacturer transports the blades 200 km by road to install them in 
Zhangjiakou, the largest wind farm region near Beijing. However, local 
manufacture is not always possible, so sometimes the blades must be 
transported over long distances. For example, blades manufactured in Beijing 
(the location of the headquarters and two factory sites of Sinomatech, the 
largest blade manufacturer in China) have been shipped to Hami (one of the 
largest wind farm regions of China, in Xinjiang province), a distance of around 
2600 km. Sea freight is also commonly used. For example, a Danish blade 
manufacturer sends blades from Esbjerg (one factory site of Vestas) to London 
(the world’s largest offshore wind farm) for installation, 600 nautical miles (nmi) 
distant (one nautical mile is approximately 1.852 kilometres). In one extreme 
case, it was reported that a China manufacturer won a tender in Brazil (LZFRP, 
2013); the blade factory is in Lianyungang and the destination port is Rio de 
Janeiro; the sea freight distance is 13,500 nmi. 
 
The four scenarios above are rather extreme scenarios. The actual shipping 
distance may not be that long or that short and varies case by case. We need, 
therefore, to consider the most possible, or the central, scenario. After reviewing 
the global map, we assume the road freight shipping distance is 800 km which 
covers the shipping requirement of a whole province for a big area country such 
as the USA or China, or covers the shipping requirement of a whole country for 
a small/medium area country such as the UK. The sea freight shipping distance 
is assumed to 2000 nmi which covers the distance from most of the countries in 
Europe to the UK and the distance from China to south east Asia. As the cost of 
transportation is very high, a short shipping distance is always preferred. 
 
The sea freight shipping distance stated above is the distance from port to port; 
the blade also needs to be shipped by truck from the factory to the port of 
departure and then shipped from the destination port to the wind farm. We 
assume the road shipping distance between factory/wind farm to the ports are 
50 km, 100 km and 200 km for low, central and high sea freight scenarios, 
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respectively. Then we calculate the transport impact based on the shipping 
distance and transportation method. The results are presented in Table 5.5. 
 Energy (GJ) CO2 (t) 
Road freight 200 km 2.94 0.21 
Road freight 800 km 11.78 0.84 
Road freight 2593 km 38.17 2.71 
Sea freight 600 nautical miles + road 50 km 2.07 0.15 
Sea freight 2000 nautical miles + road 100 km 5.63 0.40 
Sea freight 13471 nautical miles + road 200 km 32.88 2.33 
Table 5.5: Transport energy consumption and CO2 emission of the reference blade. 
5.4.3. O&M 
For the operation and maintenance (O&M), we consider the environmental 
impact generated by the materials used. Routine maintenance and accidental 
damage are the two major sources of material consumption in the O&M stage. 
Routine maintenance includes minor and major repairs and cleaning. Cleaning 
does not consume materials, so there is no environmental impact. The repair 
demands are assumed to be the same as in the waste inventory model (see 
Section 4.3.3). Minor repairs need 15 kg material and are assumed to happen 2, 
3, and 5 times during the blade lifetime. Major repairs only happen on specific 
blade batches and are usually caused by manufacturing or design defects. The 
material demand to repair such damage runs to the tens to hundreds of 
kilograms. Here, we assume each major repair needs 50 kg, 100 kg and 200 kg 
of materials and the frequency is 5%, 10% and 20% for low, central and high 
scenarios respectively. The designed blade lifetime is 20 years. The average 
routine O&M material demand of each blade is then 32.5 kg, 55 kg and 115 kg 
for the low, central and high scenarios.  
 
Besides routine maintenance and repairs, quite a few blades break in accidents 
due to extreme weather and operational errors, with reports indicating that this 
causes failure in 1-3% of blades mainly in the first ten years (Malkin, Byrne and 
Griffin, 2015). Some failures need major repairs and some of them require 
replacement of the whole blade. These blades are treated as accidentally 
damaged blade waste and will generate extra environmental impact. The failure 
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rate is converted into material consumption based on the 1.5 MW 7.5 tonnes 
reference blade. Details for routine and accidental O&M material usage are 
listed in Table 5.6. 
 
Minor repair 
(low/central/high scenario) 
Major repair 
 (low/central/high 
scenario) 
Routine O&M 
Frequency in 20 years 2/3/5 5%/10%/20% 
Material demand in each repair(kg) 15 50/100/200 
Routine material demand(kg) 32.5/55/115 
Accidental O&M 
Failure rate 1%/2%/3% 
Accidental equivalent material demand(kg) 75/150/225 
Total material demand(kg) 107.5/205/340 
Total material demand ratio compared to 
the reference blade weight 
1.4%/2.7%/4.5% 
Table 5.6: O&M demand of blades, based on the 45.2A, 1.5 MW, 7.5 tonnes reference blade. 
The overall material usage in the maintenance stage is between 108 kg and 
340 kg per blade with the major materials being fibre fabric and resin. We 
assume the usage ratio is 60% fibre and 40% resin by weight. The equivalent 
energy consumption and CO2 emissions are then calculated by multiplying the 
unit material impact by the material usage. The results are presented in Table 
5.7. 
 Energy(GJ) CO2(t) 
O&M@1.4% 9.03 0.47 
O&M@2.7% 17.22 0.90 
O&M@4.5% 28.56 1.49 
Table 5.7: O&M energy consumption and CO2 emission of the 7.5 tonne reference blade. 
5.4.4. Lifetime impact 
By adding the environmental impact from the manufacturing, transportation and 
O&M together, blade lifetime impacts are obtained. The results of 45.2A 
reference blade are given in Table 5.8 for discussion. The results show the 
manufacturing environmental impact varies between 92% and 99% of the 
lifetime impact. In the most likely scenario, the central scenario, both energy 
consumption and CO2 emissions from manufacturing comprise more than 96% 
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of the total impact. Under the same scenario, the energy consumption and CO2 
emissions from transportation and O&M are less than 2%. The results show that 
the manufacturing stage dominates the lifetime environmental impact of a 
blade. The impact from other two stages are tiny. If we want to reduce the blade 
lifetime impact, the manufacturing stage should be focused on. 
 
Table 5.8: Lifetime environmental impact of the 45.2A 1.5 MW reference blade under three scenarios. 
Now we calculate the lifetime impact of all 21 blades under the same scenarios 
in order to ascertain the differences between blade models. The manufacturing 
impact is calculated from their BoMs and thus is fixed. For the transportation, 
we assume the blades are 90% transported by road freight and 10% 
transported by sea freight under the central scenario as the sea freight is used 
more for exporting offshore wind turbines, which are much rarer than domestic 
sales and onshore wind turbines. Moreover, as the O&M impact varies case by 
case, at here, we assume the O&M impact is under the central scenario at 
2.7%. The results are presented in Table 5.9. 
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Table 5.9: Eco results of 21 blade models. Energy consumption, CO2 footprint and water consumption are 
given for one single blade. The energy payback time is calculated for a turbine unit with three blades. 
A few interesting points arise here. Firstly, we find that the environmental impact 
differs widely between blade models. A big blade, such as the model 56.8, can 
have an environmental impact of over 250% of that of a smaller model such as 
40.3A. The energy payback time of the blades is between 1.53 and 3.07 
months, a difference of more than 200%. Hence if we consider the overall 
environmental impact caused by all the wind turbine blades, we should consider 
how much blade material has been used rather than considering how many 
blades have been manufactured. 
 
Secondly, we find that for the blades with the same rated power, there is a big 
difference between same blades of the same size class (see Table 5.10). 
Because the early stage blade is more designed for high wind speed regions, a 
smaller size is good enough to capture the wind energy required. The newer 
blade is more designed for the medium or low wind speed regions, as the space 
in high wind speed regions is limited. In order to capture the energy required, 
the new blades are bigger in scale. This makes the early stage blades generally 
Reducing the Environmental Impact of Wind Turbine Blades 
94   
smaller than the latest blades, which in turn means that the material usage of 
the newer blades is higher than the early blades, and their environmental 
impact rises at the same time. 
Model 40.2A-1.5 
40.3A-
1.5-IIIA 
42.2A-
1.5-IIIB 
42.8B-
1.5-IIIB 
45.2A-
1.5-IVB 
45.2B-
1.5-IV 56.8-2-IV 
Rated power (MW) 1.5 1.5 1.5 1.5 1.5 1.5 2.0 
Total energy 
consumption (GJ) 671.1 645.3 753.5 740.5 863.3 838.2 1365.8 
Variation (%) +4.0% 0.0% +16.8% +14.8% +33.8% +29.9% +111.7% 
Manufacture year 2009 2009 2011 2011 2013 2014 2015 
Table 5.10: Comparison between 1.5 MW class blades from manufacturer A. 
Thirdly, when a full GF blade is compared with a similar sized hybrid blade, the 
hybrid blade has a much higher environmental impact (Table 5.11). The energy 
consumption of the hybrid blade is 48.2% higher than that of a full GF blade; the 
CO2 emission is 56.3% higher; and the energy payback time is 11.2% longer. 
The high energy demands of carbon fibre production make the embodied 
energy of CF 5.5 times that of GF which results in the higher environmental 
impact of a hybrid blade.  
 
45.2A-1.5-IVB (GF) DW93 (Hybrid) Variation 
Length (m) 45.2 45.3 +0.2% 
Rated power (MW) 1.5 2.0 +33.3% 
Finished mass (kg) 7578.4 7500.0 -1.0% 
Total energy consumption (GJ) 863.3 1279.7 +48.2% 
Total CO2 emission (t) 47.9 74.9 +56.3% 
Total water consumption (t) 1003.5 1092.9 +8.9% 
Energy payback time (month) 2.19 2.43 +11.2% 
Table 5.11: Comparison between GF and Hybrid blade. 
There was a tendency to use CF as a substitute for GF as reinforcement in 
blades in around 2005 to 2010 (W. Liu, 2014). Quite a few attempts have been 
made using both the hybrid and full CF blades. The results are quite 
controversial. One side believes the CF benefits of the lighter weight of the 
blade will not only promote larger blades but also reduce the load on the drive 
train of wind turbine and may reduce the overall cost of the turbine (Griffin and 
Ashwill, 2003). The other side thinks the benefits of the lighter weight from using 
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CF to substitute GF are limited and note that the cost of CF is more than ten 
times higher than GF (Gardiner, 2007). In their view, the loss outweighs the 
gain. At this time, CF is quite rare in volume production blade models mainly 
due to the high cost problem, even for the latest super-large blade (larger than 
65 metres) (McKenna, Ostman V.d. Leye and Fichtner, 2016). However, CF is 
stronger and lighter than GF and its price is progressively decreasing with the 
increasing production of CF (Rao et al., 2015), so the usage of CF in blades 
may increase in the future. It is predicted that carbon fibre is expected to 
account for up to 50% of fibres in blades by 2025 (NEEDS, 2008). If the future 
goes to this way, then the increased use of CF would lead to a more serious 
environmental impact for the same amount of installed capacity wind energy. 
However, when putting this in a wider context, we note that the blade primary 
energy accounts for 6-8% of the wind turbine energy (Wagner and Pick, 2004; 
Crawford, 2009; Guezuraga, Zauner and Pölz, 2012), so this increment in blade 
energy consumption will not hugely affect the overall environmental impact of 
wind turbines. Additionally, as CF is a high value material, the incentive for 
developing recycling routes for wind turbine blades incorporating CF is higher 
which may benefit the environment more. 
 
The total blade impacts from our calculation are comparable with results in the 
literature. Wagner and Pick calculate the energy consumption of an early (and 
therefore comparatively small) 1.5 MW-33 metre turbine rotor (3 blades plus 
cap) to be around 1140 GJ (Wagner and Pick, 2004). The blade weight is not 
stated. The closest model we have is the 1.5 MW 40.2 metre blade. The 
manufacturing energy consumption for three 40.2A blades is 1937 GJ. As a 
40.2A blade is longer than 33 metre blade, the results are reasonable. For a 
larger turbine, Crawford (2009) only considers the resin and fabric as the 
material for blades and estimates the manufacturing energy consumption of a 
set of 3 MW blades with a steel hub to be 5050 GJ, which is 6% of the whole 
turbine energy consumption. This result is questionable because he did not 
consider the other materials used in the blades and used a glass fibre fabric 
embodied energy of 168 GJ/t which is more than triple the number found in 
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most literature. Our present study is expected to have greater accuracy 
because of the large sample size, the accurate first hand BoMs from blade 
manufacturers, and the up-to-date blade model data. 
5.5. Conclusion 
To sum up, we conducted a blade environmental impact assessment based on 
the eco-audit approach. The major conclusions are: 
• During the lifetime, manufacturing generates by far the greatest 
environmental impact. Both the energy consumption and CO2 emissions 
from manufacturing comprise more than 96% of lifetime impact. The total 
impact of transportation and O&M is less than 4%. To reduce blade 
lifetime impact, the manufacturing stage should be focused on. 
• In the manufacturing stage, fibre has until now generally been 
considered to be the biggest environmental burden as it comprises the 
biggest proportion (58% by weight) of all materials used. However, after 
analysis, the reality was found to be rather different. Although the weight 
of the resin is only 31% of the total, due to the high unit impact of resin-
related materials (resin, curing agent, and adhesives), resin’s energy 
consumption and CO2 emissions constitute 47% and 42% of the overall 
impact which is 13% and 5% higher than those of fibres. The 
environmental impact from resin has the highest potential for reduction 
during the manufacturing stage, and the impact from fibres comes 
second.   
• In the transportation stage, we found the highest impact level to be over 
18 times the lowest impact level (2600 km road freight compared to 600 
nmi sea freight). However, when we consider this in terms of the whole 
lifetime, we find that the greatest impact from transportation is only 5.4% 
of the overall impact. Even such differences in impact will only have a 
minor effect overall. 
• In the O&M stage, we found a 3.2-fold difference in demand but, 
similarly, the O&M impact only contributes 1-3% of the overall lifetime 
impact. 
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• After comparing 21 blades, we find that blade size has a strong effect on 
blade environmental impact. The impact of a large blade is up to 261% 
that of a small blade. Even for the same rated power or the same class of 
blade, the impact from a large blade could be one third higher than a 
small blade. Upscaling is one of the development trends seen in wind 
turbine blades. The energy payback time of blades is between 1.53 and 
3.07 months, increasing with blade scale-up.  
• We found the impact of hybrid blades using CF is much higher than that 
of similar-sized full GF blades. This is because the energy consumption 
in manufacturing CF is 5.5 times that of GF. The more CF used in a 
blade, the higher the environmental impact of the blade. Although full GF 
blades are still the mainstream at this moment, the future of CF in the 
blade is unclear. If there are more and more hybrids, or indeed full CF 
blades appear, then the environmental impact will increase but the 
incentive to recycle blades will also increase.  
 
In this chapter, we have quantitatively assessed the lifetime environmental 
impact of wind turbine blades. Different scenarios have been carefully 
considered based on real situations. The manufacturing is recognized as the 
largest impact source. The effect of blade upscaling and blade material 
transition are acknowledged and discussed and the potential for reducing blade 
lifetime impact has been identified. However, new turbine blades will continue to 
be installed and both new and the existing blades will be decommissioned in the 
future, making WT blade waste unavoidable. The next question is how do we 
deal with blades at their end-of-life (EoL)? In the next chapter, we analyse EoL 
options in terms of environmental impact and financial performance. 
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6. A COMPARISON OF END-
OF-LIFE OPTIONS 
6.1. Introduction 
From the analyses presented in Chapters 4 and 5, we have gained an 
understanding of the magnitude of the WT blade waste problem and of the 
lifetime environmental impact of WT blades. The next question is ‘how should 
we deal with wind turbine blades once they have reached their end-of-life (EoL) 
to minimise their environmental impact?’ In this chapter, we analyse the EoL 
options for WT blades both in terms of environmental impact and financial 
performance and then compare them to determine an ‘optimal’ solution which 
minimises their environmental impact.  
 
In the first part of this chapter, relevant literature is reviewed and the incentives 
to undertake the analysis of EoL options are explained. The environmental 
impacts of each EoL option are then discussed and include EoL processing 
energy consumption, the recycling benefits and the effect of blade technology 
development trends. Following this, the financial issues surrounding the EoL 
options are analysed and compared. This covers the costs of dissembling the 
blades from EoL wind turbines, waste pre-processing, transportation, recycling 
and reuse as well as the value of the recyclate recovered in each option. In the 
final section, we synthesize our findings with regard to environmental impact 
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and financial performance together with a consideration of the technology 
readiness level (TRL) in order to determine the ‘optimal’ options under different 
scenarios and also to look at ways to best promote the development of WT 
blade waste recycling. 
6.2. Background 
To find ways of reducing the environmental impact of WT blade waste, the third 
research question has been proposed and the sub questions are here 
considered: 
• Q3: What are the differences between the possible EoL blade waste 
processing options? What is the ‘optimal’ EoL option for WT blades? 
o What EoL options are available? 
o How do they perform environmentally, and are they financially 
feasible? Are they worth undertaking? 
Starting with the first sub question, there are four types of recycling technology 
for composite waste: mechanical recycling, thermal recycling (fluidised-bed 
process, pyrolysis, microwave assisted pyrolysis (MAP)), high-voltage 
fragmentation (HVF) and chemical recycling (solvolysis and hydrolysis). In 
addition, there are another three non-recycling EoL options, namely landfill, 
incineration and life extension. Solvolysis and hydrolysis are quite similar, so 
both are classified as chemical recycling in this study. Hence, we will consider 
nine EoL options in total (1. landfill, 2. incineration, 3. mechanical recycling, 4. 
fluidised bed process, 5. Pyrolysis, 6. MAP, 7. chemical recycling, 8. HVF, 9. 
LE). The processes and features of these options were introduced in Section 
2.3, and here we list all EoL options shown in relation to the waste management 
hierarchy, for the convenience of the discussions which follow (Figure 6.1). 
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Figure 6.1: WT blade waste management options allocated on the waste management hierarchy. Lean 
manufacturing and structural and decorative reuse will not be considered further. Lean relates to 
manufacturing processes which have been discussed in Chapter 5. Volumes for structural and decorative 
reuse are very small at present and with uncertainties in the future (see Section 2.3.2). 
Several studies have reviewed the available EoL options for general composite 
waste. In a comparatively early study, Halliwell (2006) stated there will be an 
environmental problem caused by composite used in vehicles. As the 
application of CFRP moves from racing and high performance cars only to large 
volume production cars, the usage of composite in the automobile industry will 
rapidly increase and the concomitant waste problem will become increasingly 
serious. Halliwell reviewed the EoL options including landfill, incineration, 
mechanical recycling, the fluidised-bed process and pyrolysis and believed that 
successful composite recycling requires incentives, infrastructure, recycling 
techniques and market commitment. The major barrier for composite recycling 
at that time was the low market demand for recyclate. Pickering (2006) 
reviewed the EoL options from a technical prospective and stated that, due the 
major barrier in composite recycling being the significant performance loss of 
recyclate, the low value of recyclate results in a weak economic incentive to 
recycle. He held that new legislation or supportive policies are necessary to 
provide a driver for composite recycling. A more recent review by McConnell 
(2010) includes the progress in composite recycling technologies, specifically 
the new microwave assisted pyrolysis (MAP) technique and chemical recycling. 
He states that the new and updated technologies have enabled the launch of 
the CF recycling industry for aviation manufacturing waste. More up-to-date 
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research has reported on the few commercial pyrolysis carbon fibre recycling 
plants and highlights the benefits of recycling including the low energy 
consumption of recycling compared to the high cost of producing new CF (Job, 
2014b; Job et al., 2016). However, for the goal of the present research, these 
studies have two major limitations. Firstly, they cover a few EoL options but do 
not provide comprehensive coverage of all options. Secondly, they mainly focus 
on the composite waste from the automobile and aviation industries; WT blade 
waste has not been well addressed. With the rapid development of wind energy, 
composite usage in wind turbines is very rapidly increasing (see Section 4.4.2). 
Composites usage for WT blades is now a major part of the sector, ranking 2nd 
by usage just after the aviation and defence sector (Holmes, 2014). The EoL 
waste from wind turbine blade is predicted to exceed 500 kilo tonnes annually 
by 2029 and continue increasing rapidly thereafter (discussed in Section 4.4.4) 
which provides strong motivation for a specific focus on this type of composite 
waste. 
WT blade waste has following specific features: 
 
• It has a complex and mixed material composition including fibre, resin, 
core material and supportive material. 
• The nature of thermoset resin is cross linked and cannot be remoulded. 
• The large size of the blade may cause difficulties in dismantling, 
transportation and size reduction. 
• There is variation between WT blades in terms of their structural design, 
size and material composition. 
• GF/GFRP (the major material) is of low value. 
 
These features make WT blades more challenging to process than general 
composite waste. Investigations have been attempted to address this problem, 
either from the start, looking at raw materials, or from the end, examining end-
of-life processes. For the raw materials, natural fibres such as flax and bamboo 
have been proposed to as a substitute for glass fibres as they have less 
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environmental impact, but due to their limited strength and uniformity problems, 
this concept is still under development (Brøndsted, Lilholt and Lystrup, 2005; 
Halliwell, 2010; Corona, 2013, 2015; W. Liu, 2014) (see Section 2.2.4 for 
discussion). In addition, thermoplastic resins which can be remanufactured has 
also been tested (Marsh, 2010), but, limited by high viscosity and high costs, 
this has not been used in WT blade production yet. Turning to the end of the 
lifecycle, the possible end-of-life (EoL) processes for WT blade waste have 
been summarised and discussed in a few studies (Larsen, 2009; Beauson, 
Bech and Brøndsted, 2013; Andersen et al., 2014; Beauson and Brøndsted, 
2016); these, however, analyse the advantages and disadvantages of EoL 
options only partially in detail, and mostly in a qualitative way. The research so 
far thus either covers one part of the WT blade end-of-life issue, or qualitatively 
assesses the problem without enough supporting data, or in minimum detail. 
From the visits to WT blade manufacturers and information gathered from 
industry exhibitions, there is a good general awareness of the end-of-life 
problem, but the magnitude of its severity is unclear and the ‘optimal’ solution is 
unknown. Therefore, as research to date has not addressed this challenge 
specifically and comprehensively, here we aim to use a quantitative approach to 
provide a thorough analysis of the EoL options to determine the ‘optimal’ option 
and ultimately form guidelines on this problem to aid industry and policy 
makers.  
 
How should the ‘optimal’ option be defined? We select two key measures to 
analyse: environmental impact and financial performance. The first is used to 
understand the change in environmental impact of each EoL option, such as, 
will recycling reduce the environmental impact? by what magnitude? On the 
other hand, as the recycling operation is a commercial operation, profits are 
always being pursued. The second measure is used to analyse the profitability 
of each EoL option, answering such questions as, is that profitable? If it is not 
profitable, how much subsidy would be needed for each tonne of WT blade 
waste processed? 
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To better understand the environmental impact of EoL processes, we now turn 
to the ecology studies of composite materials. Various aspects of the ecology of 
composite materials have been researched. For example, in an early study, 
Suzuki and Takahashi revealed that the energy requirement of manufacturing 
CF is 286 MJ/kg (Suzuki and Takahashi, 2005), , which is much higher than that 
of GF (52 MJ/kg, Granta Design 2016). With the pursuit of the balance between 
the fuel economy and high performance of cars, the environmental impact of 
using lighter composite to substitute for conventional steel and aluminium in the 
door skin and floor mat has been studied (Duflou et al., 2009, 2012; Puri, 
Compston and Pantano, 2009; Das, 2011; Witik et al., 2011). The results show 
that although composite materials make the components lighter, the high 
energy required to make such components leads to a high mileage breakeven 
when the whole lifecycle environmental impact is considered. More recently, 
Witik has analysed the possibility of recycling vehicle CF composite waste 
through pyrolysis and reusing the recyclate to substitute for virgin GF or virgin 
CF in new composite. The environmental impact was comparable to that of 
landfill (Witik et al., 2012, 2013). He believes it is worth recycling vehicle CF 
waste by substituting it for virgin CF, but that it is not worth substituting GF as 
the value of GF is low. Bottoli and Pignatti considered an alternative, that of 
using hybrid technology to mix flax and CF to reduce the environmental impact 
from raw materials (Bottoli and Pignatti, 2011). It was found that a hybrid blade 
made with flax and CF can reduce manufacturing energy by 40% compared to a 
full CF blade, but that the hybrid is weaker in strength.  As well as the embodied 
energy required to make the composite, the recycling processing energy has 
also been considered. Shuaib and Mativenga (2015) review the processing 
energy of most composite recycling technologies and for the first time include 
the process rate as an affecting factor in composite recycling energy 
consumption. They state that MAP takes the advantage in thermal methods as 
it has a faster heating rate with the least amount of energy usage, but that 
chemical methods were the most promising in terms of recycled fibre strength 
(Shuaib and Mativenga, 2015a, 2015b).  
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Although the literature discussed above is valuable to the study of WT blade 
waste, in that it analyses the ecology of composites, no study has analysed the 
environmental impact of the different EoL options for WT blades.  We aim to do 
so here in comprehensive detail, and our analysis is presented in Section 6.3 
below. 
 
Now, we turn to the financial performance of the EoL options. The relevant 
research is quite limited, which may be because financial performance is a kind 
of business secret, with most data not being publicly available. Pickering (2000) 
was an early researcher in this field, and estimated the financial performance of 
a GFRP fluidised-bed process recycling plant. He found that when the value of 
the recycled fibre is 80% of that of the virgin fibre, recycled filler is the same 
price as calcium carbonate filler and with the processing capacity at 9,000 
tonnes/year, the fluidised-bed process recycling plant would financially break 
even (Pickering et al., 2000). Later, Hedlund (2005) made a preliminary end-of-
life financial cost model of composites taking into account the incineration, 
mechanical recycling and fluidised-bed processes for CFRP, FRP-sandwich 
with PVC core, SMC, GMT and PP/flax composites. Most data sources are from 
the boat and automobile industries and Hedlund modelled the recycling cost of 
a Swedish Navy boat, the Visby Class Corvette. She found it was worth 
recycling CF through either mechanical recycling or the fluidised-bed process, 
and pointed out that the disassembly costs for an EoL boat are very high 
(Hedlund-åström, 2005). In an up-to-date paper, Li (2016) analysed the costs of 
conventional EoL options for vehicle CFRP manufacturing waste and compared 
differences between the landfill, incineration and mechanical recycling in terms 
of environmental and financial performance. He found that recycling CF waste 
through mechanical methods could reduce greenhouse gases emissions and 
landfill waste generation relative to landfill, but was only financially viable when 
the recycled CF is used to substitute for virgin CF rather than to substitute for 
GF as GF value is low and the recycling cost is relatively high. These studies 
are valuable references for estimating the recycling cost of WT blades, but are 
not comprehensive and detailed. Neither of them covered all EoL options nor 
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considered the financial performance of processing WT blade waste.  There is a 
clear knowledge gap. 
 
Alongside environmental and financial performance, the technical readiness 
levels (TRL) of EoL options is also important to identify the ‘optimal’ option. This 
readiness level affects the feasibility of the industrialization of such an option. 
We adopt work by Rybicka (2016) (see Section 2.4) as our starting point and 
update it with latest progress and technologies as follows. Firstly, based on 
research by Job and Pickering, we note that the fluidised-bed process is very 
close to maturation, and a pilot plant is in operation in Nottingham (Pickering, 
2013; Job et al., 2016). Therefore we have classified it as ready-to-go. 
Secondly, we note that life extension, not covered by Rybicka, is technically 
viable and indeed some businesses have already started providing such a 
service (Gamesa Corporación Tecnológica, 2015; Natural Power, 2015; 
Beauson and Brøndsted, 2016).  We have therefore also classified it as ready-
to-go. HVF, in contrast, is quite new as a composite treatment and the relevant 
literature is also new and limited, so we have classified this as a lab-scale 
technology. A complete list of EoL options classified by technology readiness 
level is given below: 
 
• Conventional treatments: landfill and incineration. 
• Ready-to-go/nearly ready-to-go recycling technologies: mechanical 
recycling, the fluidised-bed process and pyrolysis. Non-recycling option: 
life extension (LE). 
• Lab-scale technologies: microwave assisted pyrolysis (MAP), chemical 
recycling and high-voltage fragmentation (HVF). 
 
We will now analyse the environmental impact and financial performance of EoL 
options for WT blades, beginning with environmental impact. 
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6.3. EoL option environmental impact model  
6.3.1. Objective 
This model estimates the environmental impact of EoL options for WT blade 
waste in order to find the differences between them with the goal of determining 
the ‘optimal’ EoL option for WT blade waste.  
6.3.2. Methodology 
Here we provide definitions before outlining the steps taken and the underlying 
hypothesis. 
 
The lifetime impact is the sum of blade lifetime environmental impacts from the 
manufacture, transportation and O&M stages. The EoL impact is the impacts 
generated in EoL processes. The recycling benefit of an EoL option is defined 
as the equivalent environmental impact of manufacturing the recyclate or the 
energy recovered through EoL processes. The net impact is calculated by 
subtracting the recycling benefit of the EoL option from the lifetime impact. 
Details will be given in Sections 6.3.2.3 and 6.3.2.4. 
 Net	impact = Lifetime	impact + EoL	impact − Recycling	benefit	 
 
In the first step, we select three similar sized blade models, made with full GF, a 
hybrid of GF and CF, and full CF respectively, in order to consider the effect of 
blade material composition. In the second step, the blade lifetime environmental 
impact data are collected from Chapter 5. As there is no full carbon fibre blade 
data provided in Chapter 5, this is calculated by the researcher as detailed in 
Section 6.3.2.1. In the third step, the unit EoL processing energies are collected 
from the literature. By using the unit EoL option processing energy multiplied by 
the blades mass, the energy demand for recycling a blade is then obtained. In 
the fourth step, we calculate the recyclate yield rates and the recycling benefits. 
Subsequently, we use the lifetime impact minus the recycling benefit to get 
the net impact of each EoL option. Finally, the net impact of each EoL option is 
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compared with the benchmark, landfill, to show the degrees of difference, and 
the ‘optimal’ EoL option in terms of environmental performance is then 
discussed.  
 
The major hypothesis in this model is that the recycling benefits is assumed to 
be proportional to its tensile strength since tensile strength is one of the most 
important measurements of blade materials (Dvorak, 2010). For example, if the 
tensile strength of the recycled fibre is 100% that of virgin fibre, the 
environmental impact benefits of recycled fibre are 100% of the environmental 
impact of virgin fibre. Similarly, if the tensile strength of recycled fibre is 80% of 
that of virgin fibre, the recycling benefits are 80%. Energy consumption (MJ) is 
the main measurement used to measure environmental impact. 
6.3.2.1. Blade models and materials 
This research intends to use the most up-to-date blade models in its analysis. 
The average rated power of the latest newly-installed turbines is 2 - 3 MW (see 
Table 4.1). However, we were unable to get access to the most recent blade 
model data as these are currently a trade secret. Consequently, the second 
most recent 1.5 - 2 MW blade models, which are mainstream models installed 
between 2006 and 2013, have been used in the analysis. At this moment, most 
blades are entirely made of GF with a few being partially made of CF (hybrid). 
Limited by the high cost of carbon fibre, entire carbon blades are quite rare and 
are mostly made for research and development purposes. There was a trend for 
more CF to be used in wind turbine blades and there has been much debate, 
but there is no evidence indicating that the use of CF used in WT blades has 
increased (see Section 2.2.6 and Section 5.4.4 for discussion) (McKenna, 
Ostman V.d. Leye and Fichtner, 2016; Liu and Barlow, 2017). In order to 
comprehensively analyse EoL options, three blade types have been analysed. 
Three blade models were selected as representative of these. Two are similar 
size blades from Manufacturer A: the glass fibre blade (GF blade) is a 45.2 m 
1.5 MW blade made of full GF; the hybrid blade (Hybrid blade) is a 45.3 m 2 
MW blade made of CF spar cap with the rest of components being made of GF. 
The specifications of these blades are provided by the manufacturer. As the full 
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CF blade (CF blade) is rare, no specification has been found. To overcome this, 
we propose a blade based on the 45.3 m hybrid blade model. We substitute all 
GF components in the hybrid blade with CF with an exchange rate. This 
exchange rate is based on the density ratio of carbon fibre and glass fibre. All 
other components including resin, supporting material and manufacturing 
consumables, remain the same as the hybrid blade. Data for the three blade 
models is shown below in Table 6.1. 
Model GF blade Hybrid blade CF blade 
Material GF 
CF made spar cap 
GF for the rest 
CF 
Length/m 45.2 45.3 45.3 
Rated Power/MW 1.5 2.0 2.0 
Weight/tonne 7.58 7.50 6.24 
Table 6.1: Blade model specification. GF blade is model 45.2A; Hybrid blade is DW93; both from 
Sinomatech. 
6.3.2.2. Lifetime impact: manufacture, O&M and transportation 
Now we calculate the blade lifetime environmental impact using the same 
method used in Chapter 5. In the first step, the manufacturing impact is 
calculated by using the amount of materials (kg) listed in blade BoMs combined 
with the unit embodied energy of each type of material (kJ/kg). As shown in 
Table 6.2, the environment impact of GF, Hybrid and CF blades in the 
manufacture stage are 834.7 GJ, 1051.1 GJ and 1614.9 GJ, respectively. 
Because the unit impact of CF is 286 MJ/kg which is much higher than the 52 
MJ/kg of GF, the impact of the hybrid blade is 30% higher than that of the GF 
blade and the impact of the CF blade is double that of the GF blade. 
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Table 6.2: Manufacturing impact details of GF, Hybrid and CF blade models.  
In the second step, we consider the environmental impact in the transportation 
stage and operation and maintenance (O&M) stage. According to the 
calculation in Chapter 5, the impact from transportation is between 1 GJ and 40 
GJ per blade which is dependent upon the mode of transportation and the 
distance. As the transportation energy is quite small compared to the other 
energy consumption and it is not the key variable here, in order to simplify the 
calculation, an average value of 20 GJ is adopted. For the same reason, the 
O&M demand is assumed to be that of the central scenario in which the amount 
of repair material required is 3% of the finished blade mass. The materials used 
in repair work consist of 60% fibre and 40% resin by weight. Using the material 
consumption multiplied by its unit environmental impact, the O&M material 
impact can be calculated. As the O&M material demand is proportional to the 
blade mass, the impact of O&M is proportional to blade mass. Besides the 
impact of O&M material, we also should consider the impact of the 
transportation of workers to undertake the O&M works. Typically, a four person 
group is the most common size for routine blade maintenance and repair and 
one mid-size pickup truck is used (Zhang, 2016). At the central scenario, we 
assume there are five major repair works for each blade during its lifetime and 
that the workers travel a 100 km round trip each time. Based on these, the 
energy consumption of an O&M car is then calculated as 1.6 GJ per blade (from 
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325 MJ/100 km for a typical diesel pickup truck, Nemry et al. 2008). Detailed 
lifetime impacts of three blade models are listed in Table 6.3. 
In GJ GF blade Hybrid blade CF blade 
Primary and Manufacture 834.7 1051.1 1614.9 
O&M@3%+O&M car 20.7* 26.2* 43.6* 
Transportation 20.0 20.0 20.0 
Total 875.4 1097.3 1678.5 
Table 6.3: Detailed manufacture, O&M and transportation environmental impacts for three blade models. 
*These number are slightly different to O&M impact listed in Chapter 5. In Chapter 5 the O&M in central 
scenario was estimated at 2.73% of finished blade mass. Here we approximate the number to 3%. The 
impact for transporting workers also has been added since this part of impact affects the result of life 
extension (details given in next section). 
6.3.2.3. End-of-life processes impacts 
The EoL processes analysed here are landfill, incineration, mechanical 
recycling, fluidised-bed process, pyrolysis, microwave assisted pyrolysis (MAP), 
chemical recycling (hydrolysis and solvolysis), high voltage fragmentation (HVF) 
and blade life extension (LE). Most of the environmental impact data for these 
are obtained from the literature. Only the life extension environmental impacts 
are calculated by the researcher and are based on the material consumption 
and transportation demand. There is no complete CO2 emissions data for all 
EoL options: although it can be calculated based on energy consumption/CO2 
conversion rate, this is not informative and, therefore, CO2 emissions have been 
omitted as a measure and energy consumption is the only measurement 
adopted for environmental impact in this chapter. 
 
Analyses in the literature of the processing energy required in the EoL options 
are messy, with various units such as MJ/kg for recycled fibre/recyclate, kWh/t 
for processed waste or MJ/t for processed waste. For convenience, in this 
calculation, all data is converted into MJ/kg waste. From the literature, the 
energy data of each EoL option varies across a wide range which causes 
difficulties in calculation. To overcome this, we set a base case which adopts 
the most likely/most frequently appearing data. Then we test the effects of other 
data in a sensitivity test. In what follows, we will discuss the data sources for the 
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processing energy of EoL options, beginning with those for conventional waste 
processes. 
 
The conventional waste processes include landfill and incineration. Landfill 
CFRP waste requires 0.4 MJ/kg which can be broken down into 0.09 MJ/kg for 
shredding, 0.143 MJ/kg for transportation and 0.167 MJ/kg for landfilling 
operations (Li, Bai and McKechnie, 2016). A complete EoL process comprises 
four main stages: waste preparation (dismantling + size-reduction), 
transportation, recycling and post processing. However, as most of the other 
recycling technologies do not include transportation energy as part of the 
recycling energy, in order unify the method, transportation energy is excluded 
from the landfill energy calculation. For the same reason, only the energies 
consumed in the size-reduction and ‘pure’ recycling process have been taken 
into account for all the following cases, and a unit energy consumption of 0.257 
MJ/kg is adopted for landfill. 
 
Although we have found a study determining the energy requirements for 
landfilling CFRP, we were unable to do so for GFRP. However, it seems likely 
that energy differences between landfilling CFRP and GFRP are minimal as the 
operational processes are very similar.  We contacted the authors of the CFRP 
study for their expertise, and Li concurs: the only slight difference is in the 
shredding process, due to the different strengths of the CFRP and GFRP, and 
Li thus also believes that the energy consumption in landfilling both are similar 
(Li, 2017). Therefore, we assume in this study that the landfilling energy 
consumption is 0.257 MJ/kg for both CFRP and GFRP. 
 
Turning to incineration, heat or power can be generated through burning 
municipal solid waste (MSW) in a combined heat and power station (CHP). The 
efficiency is around 2 MWh/t or 7.2 MJ/kg with a waste of heat value at 9 MJ/kg 
(World Bank, 1999). Typically, the higher the waste heat value, the higher the 
output (World Bank, 1999). The heat value of composite material is around 30 
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MJ/kg, equivalent to three times that of ordinary MSW (Correia, Almeida and 
Figueira, 2011). Theoretically, composite waste should provide more heat and 
power in incineration, but it may not burn as easily as MSW. Halliwall states that 
output from SMC waste incineration is -0.4 MJ/kg (Halliwell, 2006). A WT blade 
contains up to 70 wt% glass fibre. Glass fibres are not combustible and will 
hinder incineration (Duflou et al., 2012). Problems of glass fibre in the flue gas 
disturbing the gas cleaning system and of the large amount of un-combusted 
fibre remaining at the end of the combustion process have also been reported 
(Schmidt, 2006). Currently there is no public incinerator which deals with 
composite waste in the UK and some technical problems are waiting to be 
solved (Liu, 2016b). On the other hand, composite waste can be burnt in a 
cement kiln as a combined process. A composite incineration business in 
operation is run by Zajons and Holcim in Germany. In this case, composite WT 
blade waste is incinerated in a cement kiln and it is reported that each tonne of 
blade waste can replace 600 kg of coal fuel (Orenda Energy Solutions, 2014). 
600 kg coal provide 1156 kWh electricity which is equivalent to 4.16 GJ energy 
(1 t coal = 1927 kWhe, U.S. Energy Information Administration (EIA) 2017). 
Converting this to the standard unit we adopt here gives 4.16 MJ/kg: from each 
kilogram of blade waste burnt, 4.16 MJ of energy output can be obtained. This 
figure is used in the base case calculation for incineration. Other positive and 
negative output scenarios will be discussed in the sensitivity tests later (see 
Section 6.3.3.4).  
 
Ready-to-go/near ready-to-go recycling technologies include mechanical 
recycling, the fluidised-bed process, pyrolysis and life extension. Mechanical 
recycling is cutting the dismantled the blade into pieces, then shredding and 
milling the waste into powder and fibre sections in the tens of millimetres. 
Howarth reports a mechanical recycling energy for composite waste of 0.27 
MJ/kg when the feed rate is 150 kg/hr (Howarth, Mareddy and Mativenga, 
2014). This finding has been supported by Pickering who reports a shredding 
energy consumption of 0.04 MJ/kg; a hammer milling energy consumption of 
0.22 MJ/kg and a total energy consumption for the size reduction process for 
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composite waste of 0.26 MJ/kg (Pickering et al., 2015). However, when the feed 
rate is 10 kg/hr, the average energy consumption rises to 2.03 MJ/kg as the 
machine standby energy consumption is high (Howarth, Mareddy and 
Mativenga, 2014). The 0.27 MJ/kg is adopted in the model as a high feed rate 
will not be a problem when mechanical recycling is enlarged to industry scale. 
 
The energy demand of the fluidised-bed process under optimal conditions has 
been determined to be around 10 MJ per kg of recyclate (Meng, 2016). When 
the feed rate is low, this may rise to 15-30 MJ/kg (Pickering et al., 2015). The 
optimal energy demand is converted to 22.2 MJ/kg waste as the fibrous product 
yield rate is 44% (Pickering et al., 2000). 
 
The energy demand of pyrolysis is around 30 MJ/kg recyclate (Witik et al., 
2013; Barnes, 2015). The solid yield rate is reported as 70.7% (Cunliffe, N 
Jones and Williams, 2003). Based on this, the energy demand of pyrolysis then 
becomes 42.9 MJ/kg waste. 
 
Life extension (LE) is the idea that blade lifespan is extended beyond that of the 
original design in order to reduce the cost and waste management pressure 
(Wingerde and Nijssen, 2003; Gamesa Corporación Tecnológica, 2015; Hazell, 
2017). The feasibility of the concept has been demonstrated in material 
experiments, and blade manufacturers and O&M service providers now provide 
this service (Sayer et al., 2009; Natural Power, 2015; Beauson and Brøndsted, 
2016). However, generally, when a product nears its designed end of life, the 
risk of having problems increases. Research from Gamesa supports this for WT 
blades, indicating that structural problems begin to arise, mainly in root 
connections and bonding, starting on blades of around 17-18 years old; 
Gamesa thinks these blades will have more problems as they approach and 
pass the designed service time (Gamesa Corporación Tecnológica, 2015). 
Based on this premise, we assume the O&M demand in the life extension 
period will be double that of the designed lifetime and that the environmental 
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impact will also double. The life extension length is set to 2 years, 5 years and 
10 years for analysis. For example, the lifetime O&M energy consumption of the 
hybrid blade is 26.3 GJ (see Table 6.3). The O&M demand is assumed to be 
double in the extended period, so the energy consumption is also doubled 
making it 26.3*2/20=2.63 GJ/year. The unit processing energy of a hybrid 
blade, for example, with a two-year life extension is 2.63 GJ/year * 2 years * 
1000 GJ to MJ / 7500 kg (average finished blade weight) = 0.7 MJ/kg. The LE 
process energies for other two blade models and for 5 years and 10 years are 
calculated in the same way. 
 
Lab-scale recycling technologies include microwave assisted pyrolysis (MAP), 
chemical recycling (hydrolysis and solvolysis) and high voltage fragmentation 
(HVF). MAP involves heating the material by microwave from the inside and it is 
energy saving compared to conventional pyrolysis. Its energy consumption is 
reported as 10 MJ/kg (Suzuki and Takahashi, 2005).  
 
The two major chemical recycling technologies are hydrolysis and solvolysis, 
each of which has many mutations with different reaction temperatures, 
pressure, time and solvents (Oliveux, Dandy and Leeke, 2015). No matter how 
they differ, the key process of chemical recycling is removing the matrix of 
composites through chemical reaction. Several studies have looked at its 
energy consumption.  The energy consumption used to dissolve an old CFRP 
made tennis racket is reported as being between 63 MJ/kg and 91 MJ/kg, and 
the higher the processing volume, the lower the unit energy consumption 
(Shibata and Nakagawa, 2014). In addition, La Rosa estimates the process 
energy is 101 MJ/kg by comparing the input and output of a solvolysis process 
of CF/epoxy composite (La Rosa et al., 2016). Another researcher who used 
solvolysis to recycle carbon fibre composite reports the energy consumption is 
19.2 MJ/kg (Keith, Oliveux and Leeke, 2016). As this figure is from a well 
described experiment and came from real measurements rather than an 
estimation such as modelled data by Shibata and Nakagawa (2014) and La 
Rosa (2016), the value of 19.2 MJ/kg is adopted for the base case. The high-
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energy consumption cases are discussed in sensitivity tests below (see Section 
6.3.3.4). Once more, no GFRP chemical recycling energy data has been found 
in the literature and we hypothetically assume the energy consumption of 
chemical recycling to be the same for CFRP and GFRP.  
 
The energy demand for optimally configured HVF to recycle composite waste is 
reported as 16.2 MJ/kg (Weh, 2012a). This number may vary over a wide range 
for different processing configurations which include the machine capacity, the 
number of pulses, and the voltage of pulses. In the worst case, in experiments, 
the energy demand is 43.2 MJ/kg (Weh, 2012a). Other research has found that 
when the composite waste is processed at 500 pulses, the resin residue is 40% 
and the energy consumption is 17.1 MJ/kg. If the pulses increase to 2000, the 
resin residue will reduce but not significantly, while the energy consumption 
rises to 60 MJ/kg (Shuaib et al., 2016). We adopt 16.2 MJ/kg as the HVF 
energy consumption in the base case.  
The unit processing energy of all EoL options are summarised in Table 6.4.  
MJ/kg waste Full GF Hybrid Full CF Source 
Landfill 0.26 (Li, Bai and McKechnie, 2016) 
Incineration -4.16 By author 
Mechanical 0.27 (Howarth, Mareddy and Mativenga, 2014) 
Fluidised-Bed Process 22.22 (Pickering et al., 2000, 2015) 
Pyrolysis 42.86 
(Cunliffe, N Jones and 
Williams, 2003; Witik et 
al., 2013; Barnes, 2015) 
Microwave Assisted Pyrolysis 10.00 (Suzuki and Takahashi, 2005) 
Chemical 19.20 (Keith, Oliveux and Leeke, 2016) 
High Voltage Fragmentation 16.20 (Weh, 2012b) 
Life extension 2 years 0.55 0.70 1.40 By author 
Life extension 5 years 1.37 1.75 3.49 By author 
Life extension 10 years 2.73 3.50 6.99 By author 
Table 6.4Composite EoL option: base case energy requirement. 
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6.3.2.4. Recycling benefits 
The outputs of composite recycling include energy, fibre, filler and resin. The 
actual recycling product varies for each specific recycling process (Table 6.5). 
Conventional landfill has no recyclate. Incineration has the potential to recover 
the heat energy while mechanical recycling, the fluidised-bed process, 
pyrolysis, MAP and HVF are able to reclaim fibre and filler. Chemical recycling 
can recover fibre, filler plus resin. Life extension avoids new material usage 
which is equivalent to reclaiming energy. This recyclate and energy are treated 
as the recycling benefits in this study. 
                            Outputs 
EoL Options Energy Filler Fibre Resin 
Landfill O O O O 
Incineration P* O O O 
Mechanical O P P O 
Fluidised-bed process O P P O 
Pyrolysis O P P O 
MAP O P P O 
HVF O P P O 
Chemical O P P P 
LE P** O O O 
Table 6.5: EoL options recyclate table; *Incineration is theoretically able to recover energy, but the data 
from literature is controversial, so we marked it as possible here. More detailed discussion is given in 
section 6.3.3.4; **Life extension avoids the new material usage which is equivalent to reclaiming energy. 
There is no direct data available on the environmental value of recyclate. A 
hypothesis has been made: that the recycling benefits are proportional to the 
tensile strength of the recyclate compared to the strength of virgin material. For 
example, if the recyclate performance is 50% of the virgin fibre, then the 
recycling benefit is 50% of the virgin fibre. Therefore, if the energy consumption 
for manufacturing each kilogram of virgin glass fibre (vGF) is 52 MJ/kg (Granta 
Design, 2016), and the recycled glass fibre (rGF) tensile strength is 50% of that 
of vGF, then the recycling benefit of rGF is assumed to be 50% x 52 MJ/kg = 26 
MJ/kg. The tensile strength of recycled fibres found in the literature is 
summarised in Table 6.6. Where a technology has been reported by multiple 
sources, a median number has been taken. 
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EoL options Retained tensile strength of recycled fibre compared to virgin fibre 
 GF CF 
Mechanical 78% (Palmer, 2009) 50%* (Ogi et al., 2007) 
Fluidised-
bed process 50% 
(Pickering et al., 
2000) 75% 
(Yip, Pickering and 
Rudd, 2002; Lester 
et al., 2004) 
Pyrolysis 52% (Cunliffe, N Jones and Williams, 2003) 78% 
(Onwudili, Insura 
and Williams, 2013) 
MAP 52%** n/a 80% (Lester et al., 2004) 
Chemical 58% 
(Kao et al., 2012; 
Oliveux, Bailleul 
and Salle, 2012; 
Shyng and Ghita, 
2013) 
95% 
(Jiang et al., 2009; 
Liu, Shan and 
Meng, 2009; 
Okajima, Watanabe 
and Sako, 2012) 
HVF 88% (Rouholamin et al., 2014) 83%*** (Weh, 2012a) 
Table 6.6: Recycled fibre retained tensile strength compared to virgin fibre. *Significant fibre damage has 
been stated, but no data has been found. This data is assumed by author. **No reference found, assumed 
to be the same as conventional pyrolysis as the processing conditions are similar. *** No separate fibre 
strength has been found. One paper stated the strength of a rotorcraft door hinge made with recycled CF 
is 83% compared to the hinge made with virgin CF. This number is assumed as the strength of recycled 
CF from HVF in this model. 
Moreover, the length of the recycled fibres lie in a range and the recycled fibres 
have different magnitudes of resin residue; consequently, the fibres are not as 
clean and homogeneous as virgin fibre and thus are not ready to be used 
directly before post-processing (Meng, 2016). The amount of post-process work 
depends on the types of fibre and the recycling processes used. Currently no 
data is yet available to indicate how much work is needed. We have thus 
deducted 10% of the recyclate value from the final recycling benefits to take this 
in to account. 
 
As well as the recycling benefits of recycled fibre, the recycling benefits of the 
resin and fillers also need to be determined. Previous studies have identified 
that the resin in composite can be recycled through chemical processes and 
have proposed that this recycled resin can be reused, but none have indicated 
either the yield rate or the performance of recycled resin (Bai, Wang and Feng, 
2010; Oliveux, Dandy and Leeke, 2015; Keith, Oliveux and Leeke, 2016). Here 
we conservatively assume the recycled resin impact value is 50% of new resin. 
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The fillers recovered can be used to substitute for CaCO3  (Pickering, 2006). 
However, the information on the yield rate of fillers is limited and is incomplete 
for all EoL options which makes it hard to compare the recycling benefits for 
different EoL options using the same method. Since the impact value of CaCO3 
is less than 0.5 MJ/kg (De and White, 2001), which is quite low compared to 
other materials and process energy, it is omitted from the recycling benefit 
calculation. For easy comparison, all the recycled fibre, filler and resin have 
been converted to energies in the recycling benefits estimation. 
 
In addition to the unit recycling benefits of recyclate, we also need to know the 
yield rate of recycling and use these together to calculate the overall recycling 
benefits. From the literature, we find the fibrous material yield rates by weight 
are reported as 58%, 44%, 60%, 70%, 100%, 60% for mechanical recycling, the 
fluidised-bed process for GF, fluidised-bed process for CF, pyrolysis, chemical 
recycling and HVF respectively (Pickering et al., 2000; Cunliffe and Williams, 
2003; Palmer, 2009; Weh, 2012b; Keith, Oliveux and Leeke, 2016; Meng, 
2016). No data for MAP has been found. As the mechanism of the MAP 
process is close to that of conventional pyrolysis, we assume the yield rate of 
fibrous product from MAP is the same as for conventional pyrolysis, namely 
70%. The yield rate of recycled resin is assumed to be 100% (Keith, 2017). 
 
All the blade waste recycling processes need one or multiple stages of size 
reduction beforehand.  Typically, some material is lost during these stages. No 
figures have been found in the literature. We conservatively assume that a 
figure of 5% of all materials (fibre and resin) is lost in all recycling processes. 
After applying this number, the final yield rates for each recycling process are 
obtained (Table 6.7). 
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 Fibrous recyclate yield rate 
Overall loss 
rate Final yield rate Source 
Mechanical 58% 
5% 
55% Palmer 2009 
Fluidised Bed GF 44% 42% Pickering 2000 
Fluidised Bed CF 60% 57% Liu 2016a 
Pyrolysis and MAP 70% 67% Cunliffe 2003 
Chemical 100% 95% Keith 2016 
HVF 60% 57% Weh 2012 
Table 6.7: Recycling processes fibrous product yield rates. 
6.3.2.5. Calculation 
The EoL environmental model is constructed and calculated as follows: 
• Net impact = Lifetime impact + EoL impact - recycling benefits 
• Lifetime impact = manufacture impact (materials and processing from 
BoM) + transportation impact (wind farm to recycling facility) + O&M 
impact (material + workers’ transportation) 
• EoL impact = unit recycling processing energy (MJ/kg) * the amount of 
waste processed (kg) 
• Recyclate/recycling benefits = ((recycled fibre performance * fibre yield 
rate * virgin fibre embodied energy) * (100% - post process energy) + 
(recycled resin performance * resin yield rate * virgin resin embodied 
energy)) * (100% - overall processing lost) 
• The recycled fibre performance is defined as the ratio of the tensile 
strength of recycled fibre to that of the virgin fibre. 
• For example (chemical recycling for the GF blade): The energy of virgin 
resin from blade = 312.1 GJ; the energy of virgin fibres from blade = 
237.1 GJ. 
Recycling benefits = (58%*100%*237.1*(100%-
10%)+50%*100%*312.1)*(100%-5%) = 265.8 GJ 
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6.3.3. Results and discussion 
6.3.3.1. Full GF blade 
In Figure 6.2, the blue bars represent the lifetime environmental impact 
comprising the impacts of manufacture, O&M and transportation. The orange 
bars represent the impact of EoL processes. The grey bars present 
recyclate/recycling benefits. We use positive values to represent the energy 
consumption. Since the recycling benefit represents the equivalent energy 
reclaimed, it has a negative value. By adding the lifetime impact to the EoL 
process impact and recycling benefit, the net environmental impact is obtained. 
Then the net impacts of each EoL process are compared with the no processing 
option, landfill, as a benchmark, shown by the yellow line. 
Figure 6.2: Full glass fibre blade net impacts compared to landfill. 
Starting with the highest values, because of their high recycling energy 
consumption and low recyclate value, the net impacts of the fluidised-bed 
process and pyrolysis are higher than the landfill. The net impacts of 
mechanical recycling, incineration, chemical recycling, HVF and two-year life 
extension (LE) have between 86% and 95% of the net impact of landfill, which 
reduces the environmental impact but not to any significant degree. Hence, it is 
worth noting that the impetus of the environmental impact reduction from such 
EoL processes is a weak driver: the impetus will depend more on the other 
aspects of the recycling operation such as financial performance. However, 
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non-recycling options: LE 5 years and LE 10 years perform better and can 
significantly reduce the net impacts to 76% and 52% of those of landfill, 
respectively. In these cases, the risks of blade failure should be considered. 
Generally, the longer the use after the designed lifetime, the higher the risk of 
failure (see Section 6.4.4.1 for discussion). 
6.3.3.2. Hybrid blade 
Figure 6.3: Hybrid blade net impacts compared to landfill. 
Turning to the hybrid blade (Figure 6.3), the value of recycling benefits for most 
EoL options are improved in comparison, as part of the recyclate is the high-
energy consumption carbon fibre. The net impact of pyrolysis is still the highest, 
at 113% compared to the landfill. The impact of the fluidised-bed process 
reduces to close to that of landfill, at 103%, and the incineration impact 
increases to 97%. The reason for this percentage rise is that the incineration 
energy depends on the weight of blade waste. These two compared blade 
models have a similar size and weight, which makes the energy recovered from 
incineration nearly the same, but the lifetime impact increases alongside the 
use of carbon fibre. Hence, the percentage of recovered energy compared to 
total energy consumption reduces. Mechanical recycling, MAP, HVF and LE 2 
year’s impacts are in the range of 83% to 90% which are slightly reduced, 
compared to the results for the GF blade. Chemical recycling shows the most 
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promise here, and can reduce the net impact to 72% of landfill, less than that of 
LE 5 years but still exceeding that of LE 10 years.  
6.3.3.3. Full CF blade 
Figure 6.4: Full carbon fibre blade net impacts compared to landfill. 
As shown in Figure 6.4, the incineration impact increases further for a CF blade, 
to 98% of landfill, for the same reason as for the hybrid blade. It is less 
competitive compared to other EoL options for CF blades. The manufacturing 
energy consumption of virgin CF is 286 MJ/kg which is 4.5 times higher than for 
GF and 1.2 times higher than for epoxy resin. For the CF blades, the EoL 
options that can reclaim carbon fibre with less fibre performance damage are 
considered as more favourable as higher recyclate values will be attained. The 
energy consumption of the EoL processes has less impact in the net impact. 
Turning to the ready-to-go technologies such as the fluidised-bed process and 
pyrolysis, such processes can reduce the impact by around 10%. More 
advanced processes like MAP and HVF can significantly reduce the net impacts 
to 79% and 72% respectively. Chemical recycling provides the best result 
among recycling options with only 56% net impact compared to the landfill, 
which is just 3% higher than that of LE 10 years.  
6.3.3.4. Sensitivity analysis 
The method of calculating net environmental impact was introduced in Section 
6.3.2.2 as Net impact = Lifetime impact + EoL impact - recycling benefit. 
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The accuracy of all the three variables are key to the accuracy of the final 
results. The lifetime impact was calculated and discussed in Chapter 5, and 
here we look at the sensitivity of the EoL impact and the recycling benefit. 
Sensitivity test for the processing energy of EoL processes 
Figure 6.5: Sensitivity analysis for the EoL options energy consumption for glass fibre blade. 
Firstly, we consider the GF blade. Starting from the left in Figure 6.5, as a 
conventional disposal route, the energy consumption for landfill is fixed. The 
energy consumption of incineration is controversial and varies from needing an 
energy input of 0.4 MJ/kg to 1.7 MJ/kg, as stated by Halliwall and Duflou, to 
generating energy at 4.16 MJ/kg, calculated from Zajons data based on each 
tonne of wind turbine blade waste being able to substitute for 600 kg coal fuel in 
a cement kiln (Halliwell, 2006; Duflou et al., 2012; Orenda Energy Solutions, 
2014). The difference on the net impact is 5%. If the energy output from 
incineration is positive, the net impact reduces by up to 4%. Therefore, using 
incineration is slightly environmentally advantageous compared to landfill. On 
the other hand, if an energy input is needed to sustain the incineration process, 
the net impact is slightly higher than landfill and incineration is unfavourable. 
However, other factors may come into play as well, and over-ride consideration 
of small amounts of energy consumption. Using MSW as an example, 
incineration can reduce the final landfill volume by up to 95% 
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(RenoSam&Ramboll, 2006), so the incineration operation can substantially 
benefit the environment through the reduction in waste volume. 
 
The energy consumption of mechanical recycling depends on the feed rate 
(Howarth, Mareddy and Mativenga, 2014) and increases from 0.27 MJ/kg to 
2.03 MJ/kg when the feed rate changes from high to low. In this case, the net 
impact could increase by up to 1%, which does not make a significant difference 
to the environmental performance of mechanical recycling. Additionally, the 
energy consumption data of the fluidised-bed process, pyrolysis and microwave 
assisted pyrolysis (MAP) comes from a single source and does not have a 
range. We set their unit processing energies to vary in the range of +/- 20% in 
order to test sensitivity. Results show that the variation in the net impact of the 
fluidised-bed process is 8%; for pyrolysis, it is 15% and for MAP, it is 3%. The 
net impacts of the former two options are higher than that of landfill even in the 
processing energy -20% scenario. The net impact of MAP is lower than landfill 
in the low energy consumption case but it is higher than landfill in the high 
energy consumption case. The net impact of MAP only varies within the range 
of +/- 2% compared to landfill, so even in the case of low energy consumption, 
the result of the impact reduction would not be obvious. 
 
Reported figures for energy consumption per kg for chemical recycling vary 
within a wide range, between 19.2 MJ/kg (Keith, Oliveux and Leeke, 2016) and 
60-90 MJ/kg (Shibata and Nakagawa, 2014), reflecting the large range of 
processes. When the processing energy is 19.2 MJ/kg, the net impact of 
chemical recycling is 86% of that of landfill; when the energy consumption rises 
to 60 MJ/kg, the net impact rises to 121%; and when consumption rises to 90 
MJ/kg, the net impact reaches 147%. In these two high energy consumption 
cases, chemical recycling is not beneficial to the environment and not worth 
performing. The breakeven point is 35.3 MJ/kg. The situation with regard to 
HVF is similar. The energy consumption of HVF is 16.2 MJ/kg in the best 
configuration which can reduce the net environmental impact to 95% of that of 
landfill. In other configurations such as the changing (i) filling grade; (ii) feed 
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rate; (iii) targeted size reduction; energy consumption varies between 7.2 and 
43.2 MJ/kg. When the energy consumption is 43.2 MJ/kg, the net impact rises 
to 119%, providing no benefit and making it not worth recycling. When the 
energy consumption is 7.2 MJ/kg, the net impact decreases to 88% of landfill 
impact making HVF more favourable. 
 
Finally, the energy consumption of life extension is assumed to vary between 
+/- 20%; however, the effect on the net impact is less than 1% which is 
negligible. 
 
The same unit energy consumption variation settings are applied to the 
remaining two blades. When the net impact of an EoL option is lower than 
100% of landfill, the EoL option is environmentally beneficial compared to 
landfill, otherwise it is not.  
Figure 6.6: Sensitivity analysis for the EoL options energy consumption for hybrid blade. 
For the hybrid blade (Figure 6.6), the fluidised-bed process, chemical and HVF 
cross the breakeven point when unit energy consumption varies. In the best 
case, the net impact of the fluidised-bed process is the same as landfill. In the 
worst case, it is 6% higher and becomes unfavourable. The net impact of 
chemical recycling varies between 72% and 120% of that of landfill. It is worth 
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using this method of recycling when the processing energy is less than 60.4 
MJ/kg. In the best case, when HVF energy consumption is 7.2 MJ/kg, the net 
impact lies at 78%. The breakeven point for HVF is 38.9 MJ/kg. In the worst 
case, when HVF energy consumption is 43.2 MJ/kg, the net impact rises to 
103%. When HVF energy consumption is lower than 38.9 MJ/kg, it is more 
beneficial to the environment compared to the landfill. 
Figure 6.7: Sensitivity analysis for the EoL options energy consumption carbon fibre blade. 
For the CF blade (Figure 6.7), the effects of processing energy on net impact 
are marginal for most options. The net impacts of only two options vary more 
than 10%: chemical recycling and HVF. When the processing energy is high, 
the net impact of chemical recycling is 82% which is higher than MAP but lower 
than all ready-to-go technologies. When the processing energy is low, its net 
impact decreases to 56% which is the second best of all EoL options. When the 
processing energy is high, the net impact of HVF is 82% and it is the same as 
chemical recycling. When the processing energy of HVF is low, the net impact 
is 67% of landfill which is the third lowest. 
 
The accuracy of the processing energy figure is crucial to the judgement of 
whether or not the recycling option is worth pursuing. Variations in the 
processing energy required make more of a difference to the viability of 
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recycling the GF blade compared to other blade types, as it has a relatively low 
total energy consumption, i.e. low recycling potential. This is particularly the 
case for the EoL options with dramatic variations such as chemical recycling 
and HVF. In contrast, variations in processing energy have less effect on the CF 
blade with its high recycling potential. No matter whether the processing energy 
is in the high or low cases, it always worth recycling the CF waste. Only the 
magnitude of the benefit varies. 
Sensitivity test for recyclate value 
The recyclate value is defined as the amount of energy required to make the 
recyclate (Section 6.3.2.4).  To recap, the recyclate value per kg is assumed to 
be proportional to its tensile strength. For example, if 1 kg recycled GF with 
80% retained strength is recovered, then the equivalent energy to make such 
material is 52 MJ/kg*80%*1 kg = 41.6 MJ which means the recyclate value is 
41.6 MJ. In order to compare the recyclate value easily for different EoL 
options, all forms of recyclate including fibrous product, filler, resin have been 
converted into energies. The energy recovered from recycling is simply 
converted to the standard unit (MJ).  
 
Since the recyclate value is a crucial figure to the EoL environmental impact 
model, a sensitivity test becomes important to understand its potential variation. 
The recyclate value is determined by the recyclate yield rate and unit recyclate 
value. The overall recyclate value is treated as one integrated variable and has 
been set to vary between -100% and +100% in the sensitivity test. When the 
overall recyclate value varies to -100%, the value is 0. In the other word, no 
value is recovered. When it is +100%, the recyclate value is double that of the 
base case.  
 
In Figures 6.8, 6.9 and 6.10 the horizontal axis represents the recyclate value 
and the vertical axis represents the variation in net environmental impact of the 
blade, with landfill as a benchmark. An increase in recyclate value means more 
recyclate value is recovered through the recycling process, and that 
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consequently, the net impact of the blade decreases. Similarly, a decrease in 
the recyclate value means less recyclate value is recovered and the net impact 
increases. 0% on the vertical axis is the breakeven point. If the net impact of an 
EoL option is less than 0%, it means this EoL option’s environmental impact is 
lower than that of landfill and it is environmentally beneficial. Otherwise, if the 
net environmental impact of an EoL option is higher than the landfill, it is 
unfavourable.  
 
The results show that some EoL options are always better than landfill no 
matter how the recyclate value varies, and that others are always worse. These 
options will not be discussed further, as the variation will not affect whether it is 
worth recycling or not. The key points which need to be focused on are the EoL 
options which are sensitive to the recyclate value variation and where the net 
impact crosses the breakeven point. When the recyclate value is high, their net 
impact is lower than landfill and recycling becomes favourable. In the next step, 
we will analyse the recyclate value variation for the three blade models. 
Figure 6.8: GF blade recyclate value sensitivity analysis. 
As shown in Figure 6.8, for the GF blade, the net impacts of pyrolysis and the 
fluidised-bed process are always higher than landfill even for the scenario in 
which the recyclate value is doubled. Thus it is not environmentally favourable 
to recycle GF blade waste by these methods in any scenario. In contrast, the 
net impacts of incineration and mechanical recycling are better than landfill in 
almost all cases except when the recyclate value is zero in which case their net 
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impacts approach those of landfill. Given their benefit of reducing the volume of 
waste to dispose of, they could be considered as always feasible. Chemical 
recycling and HVF cross the breakeven point of net impact when the recyclate 
values decrease by 47% and 25% respectively (see the 0% line on the vertical 
axis). In the other word, when the recyclate value of chemical recycling 
decreases by less than 47% or for HVF, the recyclate decreases by less than 
25%, the net impacts are lower than landfill. If the recyclate value decreases by 
more than 47% or 25%, the net impacts are higher than landfill. 
Figure 6.9: Hybrid blade recyclate value sensitivity analysis. 
For the hybrid blade (Figure 6.9), the situation is rather different. When 
recyclate values of the fluidised-bed process and pyrolysis increase by 20% and 
80% respectively, their net impacts cross the breakeven point which indicates 
that it becomes favourable to recycle hybrid blades if their recyclate values can 
be improved by increasing process yield rate or improve recyclate performance. 
The net impacts of incineration and mechanical recycling for the hybrid blade 
are always better than or equivalent to landfill, as for the GF blade. 
 
There is 21.7%wt carbon fibre in the hybrid blade. The performance loss of 
recycled fibre from chemical recycling and HVF is quite small, so the tolerance 
of recyclate value for the hybrid blade is greater than that of the GF blade. The 
breakeven points for the recyclate values of chemical recycling and HVF are -
69% and -60% respectively which are much higher than the -47% and -25% of 
the GF blade. 
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Figure 6.10: CF blade recyclate value sensitivity analysis. 
As shown in Figure 6.10, the CF blade has a higher recycling potential as the 
embodied energy of carbon fibres is high. Hence the net impact of every 
recycling technology is lower than that of landfill in the base case. The net 
impacts of mechanical recycling and incineration are always better or close to 
that of landfill. The breakeven points for the recyclate value of pyrolysis, the 
fluidised-bed process, HVF and chemical recycling are higher than those of the 
GF and hybrid blades, and are -36%, -60%, -82% and -86% respectively. 
 
To summarise, for the GF blade, the high processing energy (fluidised-bed 
process and pyrolysis) and low processing energy technologies (mechanical 
recycling and incineration) are less affected by variation in recyclate value. No 
matter how they change, high processing energy technologies are not worth 
performing and low energy technologies are worth performing in order to reduce 
the net impact. Only chemical recycling and HVF are affected significantly and 
cross the breakeven point. Due the GF blade’s low recycling potential, its 
tolerance of recyclate value reduction is lower than that of the other two blades. 
For the CF blade, the variation of recyclate value has an insignificant effect on 
the judgement of whether it is worth recycling or not. This is because the 
recycling potential of the CF blade is quite high and the recycling processing 
energy consumption is minor in comparison, so even if the recyclate value dis 
considerably reduced, the net impact is still lower than that of landfill. The hybrid 
blade unsurprisingly sits in the middle and the breakeven point is more sensitive 
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than the other two blades to recyclate value variation. Accurate/reliable 
recyclate value are important for the hybrid blade to determine the ‘optimal’ EoL 
option. 
6.3.4. Summary 
Figure 6.11: Three blade models EoL options comparison.  
The net lifecycle environmental impacts of three blade models in the base case 
are summarised here for comparison. As shown in Figure 6.11, the results of 
ready-to-go (the fluidised-bed process, pyrolysis) and lab scale (MAP, chemical, 
HVF) recycling technologies for GF blade are not encouraging. Because of the 
combination of high processing energy and low recyclate value, some have 
higher net impacts than landfill and others lower net impacts, but of an 
insignificant magnitude. Of all recycling options, chemical recycling is best 
placed to reduce environmental impact. Considering all EoL options, life 
extension (LE) 10 years has the lowest net impact, the best overall result, 
reducing the net impact to 53%. Hence, at current technological levels, life 
extension is the ‘optimal’ EoL option for GF blades and one which can reduce 
the in-process waste amount and postpone the need for disposal. However, 
these life-extended blades will ultimately still need to be processed, although 
this option gives more time for lab-scale technologies to mature, with the 
possibility of lower processing energy and better recyclate performance in the 
future. However, if we want to process the waste now rather than wait, 
mechanical recycling is the ‘optimal’ mature technology as it can reduce net 
impact by 10% compared to landfill. Alternatively, incineration can significantly 
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reduce the waste volume alongside reducing the net impact by 4%. In the 
future, when the lab-scale technologies are mature, chemical recycling would 
be the ‘optimal’ choice since it has the best potential to reduce the maximum 
environmental impact. However, it needs to be noted that this option is strongly 
affected by the EoL processing energy and the recyclate value. Since chemical 
recycling is still in lab-scale, its performance in future comes with uncertainties. 
When the processing energy is increased to over 35 MJ/kg or the recyclate 
value drops by 47%, it is no longer worth using chemical recycling to reduce the 
impact. 
 
For the hybrid blade, mechanical recycling and incineration are the only two 
methods which have a lower impact than the landfill from among the 
conventional and ready-to-go EoL options.  These methods can reduce the net 
impact to 88% and 97% respectively. The more advanced lab-scale MAP and 
HVF can further reduce the impact to 90% and 83% respectively. Chemical 
recycling performs the best and can decrease the net impact to 72% while all 
other recycling options only marginally reduce the net impact. The actual 
processing energies and recyclate values are crucial to the feasibility of EoL 
options for the hybrid blade. For example, If the processing energy of the 
fluidised-bed process reduces by 20% or its recyclate value improves by 20%, 
its net impact will be lower than landfill. Similarly, if the recyclate value of HVF 
decreases by 60% or the processing energy increases by 240%, the net impact 
is then higher than the landfill. Most of the EoL options for hybrid blade cross 
the breakeven point when the recyclate value or processing energy vary 
meaning that their net impact is very sensitive to these two variables. Therefore, 
the choice of ‘optimal’ EoL option for hybrid blades is more reliant on very 
accurate data, and as technologies develop and scale up, this data will change.  
 
For the CF blade, the impact of every EoL option is lower than landfill in the 
base case. Conventional mechanical recycling can reduce the impact to 87%. 
The ready-to-go technologies can reduce the impact to around 90%. For the 
advanced lab-scale technologies, the net impact can be reduced to within the 
Chapter 6: A comparison of end-of-life options 
   133 
range of 56% to 78%. Chemical recycling is the best among these and can 
reduce the net environmental impact of the CF blade to 56% compared to 
landfill. However, this result may increase to 82% when processing energy is 
higher at 90 MJ/kg which could significantly reduce the recycling incentives 
based on environmental impact. The tolerance for chemical recycling recyclate 
value is up to -86% before it becomes worse than landfill. Because of the high 
embodied energy of CF blades, their recycling potential is higher than the other 
two blades, and it is less sensitive to variation in processing energy and 
recyclate value. Therefore, although for CF blades conventional and ready-to-
go technologies reduce the net impact, it is not significant. Advanced lab-scale 
technologies are able to reduce the impact in both base and high processing 
energy cases. The tolerance of recyclate value is quite high. Since all EoL 
options are able to reduce the net impact, albeit by different magnitudes, the 
‘optimal’ EoL option would be decided by other factors such as technology 
readiness or economic performance. 
 
In this section, we have adopted the ‘net environmental impact’ method to 
compare the EoL options for WT blades. It helps us to understand which EoL 
option would benefit the environment more. We also discussed the ‘optimal’ 
EoL option for the blades made with different materials and emphasised the key 
points in the ‘optimal’ option selection process. This knowledge could provide a 
solid base for the future research to build on and provide a reference for WT 
blade waste management policy. Nevertheless, environmental impact is only 
one aspect of the WT blade end-of-life problem. In the actual implementation of 
waste processing, many issues need to be considered, such as the recycling 
cost, differences between regions, technology readiness levels, the state of 
market, and policy. In the following section, the recycling cost will be tackled 
and discussed to understand the financial side of the WT blade EoL problem. 
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6.4. EoL option financial performance model 
6.4.1. Introduction 
When we consider the costs incurred in relation to EoL processes, we realize 
the cost of the recycling process itself is only one part of the total EoL cost. As 
shown in Figure 6.12, the complete wind turbine blade recycling process 
consists of six steps: dismantling the wind turbine, disassembling and cutting 
the wind turbine blades into metre-sized or smaller scrap convenient for 
transportation, transporting the scrap to the recycling centre, recycling the 
scrap, transporting the recyclate to the remanufacturing factory and finally 
remanufacturing/reusing the recyclate. 
Figure 6.12: Stages in a complete WT blade EoL process. 
Since wind turbines belong to wind farm owners, generally the owners are 
responsible for paying the installation and dismantling costs. As we are 
considering EoL costs only, dismantling is excluded. In addition, the cost of 
transporting the recyclate to the remanufacturing factory and of remanufacturing 
is normally considered as part of the next product lifecycle, so these costs are 
excluded as well. For the actual WT blade EoL cost, therefore, we take into 
account the cost of blade waste preparation (disassembly and size reduction), 
the cost of transporting the scrap to the recycling centre, and the cost of the 
actual recycling process. 
 
In Section 6.3 above, the environmental impact of possible EoL options is 
estimated for three blade models: full glass fibre, hybrid and full carbon fibre. In 
the actual EoL processes, each EoL blade is disassembled and the waste is 
classified. No matter what the models of the EoL blade are, GFRP waste is 
recycled according to GF recycling technologies and CFRP waste is recycled 
according to CF recycling technologies. At this stage, therefore, we no longer 
need to adopt the blade model method and need only consider material type, 
Dismantling	wind	turbine	(Excluded) Disassembling	blades	into	metre-sized	scrap Transporting	the	scrap	to	recycling	centre Recycling Transporting	the	recyclate	to	remanufacturing	factory	(Excluded) Remanufacturing	(Excluded)
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GF and CF, to analyse the financial performance of wind turbine blade EoL 
options. 
 
In Section 6.4.2, the methodology of analysis, including the calculation logic and 
general parameter settings, is introduced. An analysis is made first for glass 
fibre and then for carbon fibre. Section 6.4.3 presents the specific parameter 
settings for glass fibre, such as the recycling cost and recyclate value of each 
glass fibre EoL option. Section 6.4.4 presents and discusses the financial 
performance of each such option. Similarly, Section 6.4.5 introduces the 
specific parameter settings for the carbon fibre EoL options, and Section 6.4.6 
presents and discusses the financial performance of each such option.  
6.4.2. Methodology 
In order to assess the financial feasibility of each EoL option, a net cost method 
is adopted. Firstly, the costs of disassembling blades, transporting them to 
recycling centres or landfill sites and recycling them equal the EoL process 
cost. Then, the recyclate from EoL processes including fibre, filler, resin and 
energy are converted to equivalent cash value and their values are summed up 
as the recyclate value. Finally, by subtracting the recyclate value from the 
EoL process cost, the net cost of the EoL option is obtained, which will be 
compared to the cost of landfill. So we have: 
 Net	cost	 = 	EoL	process	cost	(disassembling	 + 	transporting	+ 	recycling)	– 	Recyclate	value	(fibre	 + 	filler	 + 	resin	 + 	energy) 
 
For each EoL option, the recycling process is briefly described and then the 
recycling cost and recyclate value are discussed. The costs of landfill and 
incineration are partially provided by industrial partners and partially analysed 
from the literature. For other EoL options, there is no publicly available cost 
data. These costs are estimated by the researcher based on the literature and 
on data collected from industrial partners. The recyclate values vary between 
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EoL options, which have been calculated by the researcher with assumptions 
explained under the heading ‘Recyclate value’ in Section 6.4.2.2 below.  
 
In the next step, we will present and discuss the common variables used in all 
EoL option cost estimations, which consist of the currency, the material cost 
(raw material price, feedstock, recyclate valuation), the EoL waste 
preparation/pre-processing cost and the logistics cost. 
6.4.2.1. Currency 
The cost data are taken from the United States, the United Kingdom, Europe 
and China. This study uses the United States dollar (USD) as the main unit of 
currency since it is the current de facto world currency. The Great Britain Pound 
(GBP), Chinese Renminbi (RMB) and Euros (EUR) are converted to USD for 
convenient calculation. The cost data generated in different years and the 
concomitant exchange rates vary, so it is inappropriate to convert them using a 
fixed exchange rate. Instead, costs are firstly converted based on the average 
exchange rate of the year that the data were generated. Then, USD inflation 
rates are applied to eliminate the effect of inflation. For example, the cost of GF 
was £0.75/kg in 2009 (Palmer, 2009). The yearly average exchange rate was 1 
GBP to 1.565 USD in 2009 (OFX, 2016). The USD inflation rate from 2009 to 
2016 was 11.9%. Then, the GF price in 2016 is calculated as 
0.75*1.565*(100%+11.9%) = $1.31/kg. The currency exchange rates and USD 
inflation rates used in the financial performance analysis are listed in Table 6.8. 
 GBP to USD RMB to USD EUR to USD USD inflation rate 
2009 1.565 0.146 1.394 -0.34% 
2010 1.546 0.148 1.327 1.64% 
2011 1.604 0.155 1.393 3.16% 
2012 1.585 0.158 1.286 2.07% 
2013 1.565 0.163 1.328 1.47% 
2014 1.648 0.162 1.329 1.62% 
2015 1.529 0.159 1.110 0.12% 
2016 1.356 0.151 1.107 1.70% 
Table 6.8: Yearly average currency exchange rate and USD inflation rate from 2009 to 2016. Source: 
exchange rate from (The World Bank, 2017) ; USD inflation rate from (The US Inflation Calculator, 2016). 
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6.4.2.2. Material costs 
Raw material cost 
Material	 Cost $/kg	 Source	
vGF short	 1.31 Palmer 2009 
 1.23 Pickering 2000 
 1.30* CPIC 2015 
vGF long	 1.61* CPIC 2015 
GF filler	 0.14 Palmer 2009 
 0.31* Li 2016 
vCF aero (T800 or plus, small tow)	 37.1-74.1 Carberry 2008 
vCF wind turbine (T700, large tow)	 26.0* CRRC 2016 
vCF automobile (T300, large tow)	 24.1 Warren 2010 
 28.0 Burger 2014 
vCF short	 20.8* By author 
CF filler	 5.09* Oliveux 2015 
Epoxy resin	 5.57* CRRC 2016 
Table 6.9: Raw material cost. 1: The of carbon fibre is represent by K. 1K means each tow contains 1000 
fibres and 3K means each tow contains 3000 fibres. Generally, smaller than 24K is small tow, larger than 
24K is large tow. Small tow CF has higher modulus than large tow CF. For example, the Toray T300-3K 
has 15% higher tensile modulus than Zoltek 48K. Generally, the large tow CF is used for industrial 
application like wind turbine and automobile. Small tow CF is used for aircraft, weapon and key 
components of civil applications (Zhao, 2015). 2: T+x00 is the general way to represent the grades of 
carbon fibre named by Toray. The higher the number, the stronger the fibre. High grade fibre is much more 
expensive then low grade. The costs of aircraft grade and weapon grade CF could be more than $150/kg 
(Toray, 2016). 3: Data with* is used in the calculations. Source for fibre cost listed in table: (Pickering et 
al., 2000; Carberry, 2008; Palmer, 2009; Warren, 2010; Burger, 2014; CPIC Fiber, 2015; Oliveux, Dandy 
and Leeke, 2015; Li, Bai and McKechnie, 2016). 
As the cost of virgin materials and recycled materials are crucial to the cost 
model, they are carefully collected from multiple sources. The cost of short 
virgin glass fibre (vGF) is reported as $1.23-$1.32 per kilogram and the cost of 
long vGF is around $1.61 per kilogram (Pickering et al., 2000; Palmer, 2009; 
CPIC Fiber, 2015). $1.30 and $1.61 are used in following calculation since they 
come from up-to-date industry partners. Virgin carbon fibre (vCF) costs are 
between $24.1 and $74.1 (Carberry, 2008; Warren, 2010; Burger, 2014). The 
expensive, high performance, small tow CF (T800 plus) is mainly used in the 
aero industry. The CF used in wind turbine blades is typically large tow CF 
which is cheaper. The large tow T700 CF used on WT blades is around $26/kg 
(Peng, 2016). The blade epoxy resin costs $5.57/kg (Peng, 2016). The GF filler 
price has been found in two papers, and the value of $0.31/kg is adopted as it is 
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more up-to-date (Li, Bai and McKechnie, 2016). The CF filler price is reported 
as being $5.09/kg (Oliveux, Dandy and Leeke, 2015). 
There is no data available for the short vCF price. Since the cost of short vGF is 
around 80% that of long vGF, we assume the same cost ratio between short 
and long vCF. The cost of short vCF then becomes $20.8/kg. 
 
Since the recycling processes typically use tonnes as the standard unit for 
capacity and cost, the material values stated above will be converted into $/t for 
convenient calculation. 
Recycling feedstock 
Wind turbine blades are made of two major materials, fibre and resin, as well as 
other supporting materials (see Section 5.4.1 for details). We assume all the 
supporting accessories such copper lightning protectors, steel root secure bolts 
and the sandwich core material are removed during the blade disassembly 
process. Hence the recycling feedstock is assumed to be the composite made 
with fibre and resin only, without any other supporting materials. The composite 
scrap feedstock consists of 60% fibre and 40% resin by weight.  
Recyclate value 
Most recyclate is damaged by the recycling processes through to different 
degrees. As tensile strength is one of the most important factors in selecting 
material for WT blades (Dvorak, 2010), we assume that the loss in fibrous 
recyclate value is proportional to its loss of tensile strength. This assumption 
simplifies the recyclate value estimation and provides a standard for recyclate 
value comparisons. For example, if virgin glass fibre is $1.3 per kilogram or 
$1300 per tonne, and the recycled fibre loses 50% of its tensile strength, then 
the recycled fibre value becomes $1300*(100%-50%)=$650 per tonne. 
However, this assumption represents an ideal situation and the recyclate value 
may be overestimated or underestimated compared to its actual market value, 
as, in fact, the material price is not simply directly proportional to its 
performance. Sometimes, the material price is exponentially proportional to 
performance: the highest-performing material is extremely expensive, for 
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example, CF is much more expensive then GF (see Table 6.9). In the case of 
the filler, its price is not strongly related to its strength. Therefore, we assume 
the recycled filler price is the same as for other virgin fillers. Resin is only 
recoverable through chemical recycling. Some studies state that resin can be 
recovered at a high yield rate and that recycled resin suffers from performance 
loss. However, those studies do not state the magnitude of the performance 
loss (Jiang et al., 2009; Shuaib and Mativenga, 2015b). The costs for high 
performance resin and ordinary resin are notably different. If high performance 
resin like epoxy, the most commonly used resin in blades, is recycled and the 
performance is degraded to that of ordinary resin, the value of the recycled 
resin is much lower than that of the virgin resin. We here assume that the value 
of recovered resin is 50% of that of virgin resin. 
 
The key assumptions made regarding recyclate value are as follows: 
For the material value 
• The value of the recycled fibre is assumed to be proportional to its tensile 
strength. If the strength of the recycled fibre is 80% of virgin fibre, then its 
value is 80% of virgin fibre. 
• All EoL options require the blade to be reduced in size during or before 
the recycling processes. All the recyclate has been cut or shredded. 
Therefore, all the recycled fibre is short fibre, and thus the recycled fibre 
value is calculated based on virgin short fibre. 
• The value of recycled filler is the same as that of virgin filler. 
• The value of recycled resin is 50% of that of virgin resin. 
 
For the recycling process 
• Recycling feedstock comprises the composite waste from the WT blade 
only, the other accessories having been removed during pre-processing. 
The composite contains 60% fibre and 40% resin by weight. 
• The total recyclate value = energy output from process * electricity cost + 
((fibre yield rate * fibre performance * virgin fibre cost + filler yield rate * 
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filler cost) * fibre weight fraction in feedstock (60%) + (resin yield rate * 
resin performance * virgin resin cost) * resin weight fraction (40%)) * 
(100%-overall process loss (5%)) 
• The yield rates and recyclate performance depend on recycling 
technologies. 
6.4.2.3. Pre-process cost (Cutting and disassemble) 
The cutting and disassembly cost for composite waste is $10 to $70 per tonne 
varying between regions (Hedlund-åström, 2005; Liu, 2015). We use the 
average, $40/t, for the calculation in the base case. 
6.4.2.4. Logistics cost 
The method of transportation is one of the major factors affecting the logistics 
cost and depends on the blades’ location. Onshore wind turbine blades are 
typically transported by both road and sea freight. Offshore blades are 
transported by sea freight. 
 
Only the transportation for onshore blade waste has been considered in this 
research with the transportation method assumed to be road freight, since 1) by 
the end of 2015, 97% of all installed wind energy was onshore and only 3% 
offshore (GWEC, 2016), 2) the designed lifetime of offshore wind turbines 
(between 25 and 30 years) is longer than that of those onshore (20 years) and 
3) large-volume installation of offshore wind energy industry has only evolved in 
recent 5 years. The demand, therefore, for off-shore blade turbines is limited, 
and would not significantly affect the result if omitted. During the installation 
phase, onshore blades are transported by special large trucks as the blade size 
is exceptionally large. This special transportation is expensive. In the EoL stage, 
we assume the best approach will be to cut the blade into multiple pieces in 
order to fit on an ordinary truck and thus reduce the logistics cost.  
 
Besides the method, distance and load are the other key factors affecting the 
transportation cost. In the UK, for a large ordinary truck, the basic rate is £50 
with a mileage fee of between £2 and £2.5 per mile ($76.4 + $1.9-$2.4 per km) 
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for a truck which can carry cargo weighing up to 27 tonnes with a volume of less 
than 25 m3 (Liu, 2016b).The basic rate in China is ¥900 with a mileage fee of ¥9 
per kilometres ($143.2+$1.43 per km). A typical 1.5 MW grade wind turbine 
blade is around 45 metres long with a root of 2 metres in diameter and a tailing 
edge with a maximum height of over 3 metres (Sinomatech 45.2A). The blade 
has a cavity structure and a weight of around 8 tonnes. It is very challenging to 
fit such a blade into a standard large truck after it has been dismantled because 
of the shape and volume. It is more plausible for two trucks to carry the waste of 
one blade. There is no data about how many trucks are needed to carry the 
waste of one blade, so both scenarios are here considered and costs given in 
Table 6.10. The distance travelled varies between EoL options. We now 
analyse this case by case. 
Transportation 
Distance/miles/km 
Logistics Cost one truck/t 
waste 
Logistics Cost two trucks/t 
waste 
20/32 $17.2 $34.4 
60/96 $32.5 $65.0 
240/386 $101.3 $202.5 
Table 6.10: Road freight cost for the UK. 
Landfill 
The logistics cost of landfill depends on the distance between the wind farm and 
landfill site. The situation varies between regions and sites. As outlined in 
Chapter 4, this research considers China, Europe (the UK as a representative), 
the US and the rest of the world. Wind farms are located where there is an 
abundance of natural wind resources, hence their locations are not evenly 
distributed. Therefore, there is no data for the average distance between wind 
farms and available landfill sites. Estimations have to be made. Starting with 
Europe, the UK landfill sites map reveals that there is always an authorised 
landfill site within a 30-mile range (Environment Agency, 2016).  Hence we 
assume that the average distance between UK landfill sites is 30 miles and that 
they are evenly distributed. Based on these assumptions, the maximum 
distance between any point to the closest landfill site is calculated as 17.32 
miles and the average distance as 10.53 miles (Figure 6.13). These distances 
are based on straight line, but in reality, roads always have corners and curves. 
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Therefore, the transportation distance must be longer. We assume the haulage 
distance for landfilling blade waste is 20 miles. This assumption is supported by 
data from the Cambridge waste management service provider, Amey Cespa 
Waterbeach. They confirmed that transportation is an important part of the cost 
of waste processing. They state, for example, that transportation distances for 
municipal solid waste (MSW) are normally less than 20 miles, and certainly no 
more than 50 miles (Liu, 2016b). 
Figure 6.13: Average transportation distance calculation between two points based on 30 miles gap and 
evenly distributed assumption. 
Incineration 
The most up-to-date information shows that in 2013/14 there were 563 landfill 
sites and 61 waste incineration sites in operation in the UK (UK HM Revenue & 
Customs, 2016). There is no data or map showing the locations of incineration 
sites that we could use to estimate the waste transportation distance. We 
therefore made the same assumption as with the landfill sites: that the 
incineration sites are evenly distributed and the distance between them is the 
same. The average distance between landfill sites is 30 miles and the ratio of 
incineration sites to landfill sites is 61/563. The average distance between 
incineration sites is 1 ÷ stusvw ×30 = 91.1	miles. If we apply the same method, 
the maximum haulage distance is 52.0 miles and we here assume an 
incineration transportation distance of 60 miles.  
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Mechanical, Fluidised-Bed process and Pyrolysis 
Currently, no established mechanical recycling industry for composite exists. 
Mechanical recycling has fundamentally been an in-house operation of 
composite manufacturers (Job, 2014a). Hence there is no data that can be used 
to directly calculate the waste transportation distance. The pre-process of 
mechanical recycling is similar to that of incineration during which the waste 
undergoes several cutting, shredding and grinding operations to be reduced to 
scrap which is tens of millimetre in size. The difference is that in mechanical 
recycling, the scrap is sent for final grinding and is separated by size while in 
incineration, the mm grade scrap is burnt for energy recovery. Since the 
complexity of both processes is similar, we assume the number of mechanical 
recycling sites is similar to that of incineration sites. Consequently, the waste 
haulage distance is the same as for incineration and mechanical recycling, at 60 
miles. 
 
Currently, the UK, Germany, Italy and the US possess one commercialized 
pyrolysis recycling plant each for carbon fibre composite waste recycling. One 
fluidised-bed process pilot factory is in operation in the UK (Job et al., 2016). 
However, pyrolysis and the fluidised-bed process are much more complex and 
expensive processes than mechanical recycling and are only suitable for 
composite waste, not for ordinary waste, so we assume the number of pyrolysis 
and fluidised-bed process recycling sites is much lower than the number of 
mechanical recycling sites. Therefore, the haul distance is longer, and is 
assumed to be four times that of mechanical recycling (i.e., 240 miles or 386 
km). This haulage distance covers nearly the whole of the UK, and would seem 
to be reasonable.   
MAP, Chemical and HVF 
Microwave assisted pyrolysis (MAP), chemical recycling and high voltage 
fragmentation (HVF) are still in the laboratory stage. No reports are available 
detailing their commercialized equipment requirements or process complexity. 
Considering the high temperature and high pressure required in the chemical 
recycling processes as well as the high voltage electricity required in the HVF 
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process, the equipment requirement is unlikely to be lower than that of pyrolysis 
and the fluidised-bed process. Furthermore, because such a recycling centre is 
for processing composite waste only, the demand will not as high as the general 
purpose mechanical recycling centre. Based on these two reasons, it is 
assumed that the number of such recycling centres would equal those of 
pyrolysis. The waste haulage distance would thus be the same at 240 miles 
(386 km).   
Life Extension 
Life extension happens on-site. No waste logistics are required in this option.  
Summary 
The EoL WTB waste processing flow with transportation distances and outputs 
is depicted in Figure 6.14. 
Figure 6.14: EoL WTB waste processing flow with transportation distance and outputs. 
6.4.3. Glass fibre recycling 
6.4.3.1. Landfill 
Landfill costs comprise three parts: the landfill gate fee, landfill tax and logistics 
cost. We initially aim to investigate the landfill cost for China, the UK, the US 
and rest of the world, but since only the transportation cost of the UK in known, 
we use the UK landfill cost as an example from which to extrapolate others. At 
present, the landfill gate fee in the UK is around £20 with £5 for digging the 
landfill hole, £5 for operation and £10 going towards profit (Palmer, 2015; Liu, 
2016b). In 2016, standard rate landfill tax was £84.4 per tonne and the lower 
rate for waste with less than 10% organic content was £2.65 per tonne. The 
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organic content in blade materials is generally more than 40%, so a standard 
rate landfill tax would apply (UK Goverment, 2016). Generally, the landfill waste 
is transported less than 20 miles, maybe more but not further than 50 miles. If 
the distance is longer than 50 miles, the increased logistics cost will make 
landfill uncompetitive, and this waste would be sent to other landfill sites nearby 
(Liu, 2016b). The landfill costs in the UK has been converted into USD and is 
listed in Table 6.11. In the following calculation, the base case is taken as 
having a 20 mile range and one truck transportation. In this case, the overall 
landfill cost is $176.8/t.  
Transportation 
Distance 
(miles/km) 
Gate fee or 
tipping fee/t Landfill Tax/t 
Logistics Cost 
(one truck/two 
trucks)/t 
Overall Landfill 
Cost/t 
5/8 
$30.6 $129.0 
$11.5/22.9 $171.0/182.5 
20/32 $17.2/34.4 $176.8/194.0 
50/80 $28.7/57.3 $188.2/216.9 
Table 6.11: Estimated landfill cost based on 2016 UK landfill tax rate (£84.4/t). 
The combined landfill tax includes the collecting fee, processing fee and landfill 
fee and differs between regions. In the US, the combined landfill tipping fee is 
between $21/t and $142/t but the average is $50.5/t (including inflation to 
provide a 2016 equivalent) (Green Power Inc., 2013). In China, the combined 
industrial waste landfill tax varies between cities. No comprehensive data has 
been found. For Beijing, it has been ¥300/t since 2014 which is equivalent to 
$45.2/t (China Daily, 2014). Composite waste was treated as hazardous solid 
waste before 2012 and was charged a waste processing fee of ¥1000/t = 
$150.5 by law (The State Council Legislative Affairs Office of China, 2004). It 
was categorised as industrial waste after 2012, but there is uncertainty 
regarding future policy. If it is treated as construction waste, the handling charge 
will reduce to ¥30/t = $4.5/t (China Daily, 2014). For the rest of the world, we 
have turned to statistics from the World Bank as a reference. The cost varies 
between $10/t and $100/t depending on the country. The countries with higher 
incomes have higher landfill costs (Hoornweg and Bhada-Tata, 2012).  
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The average landfill cost of a mid-income country is around $40/t. The 
transportation cost is only known for the UK ($17.2/t), so this cost has been 
used also for other regions. It is recognized that this is an approximation. The 
combined landfill costs for different regions are summarised in Table 6.12. 
Region Combined landfill cost per tonne (without transportation) Range 
UK $176.8 $171-217 
US $67.7 $38-159 
China $62.4 $22-168 
Rest of the world $57.2 $27-117 
Table 6.12: Landfill cost in the UK, US, China and Rest of the world. 
6.4.3.2. Incineration 
At present, since the demand for incineration in the UK is higher than the 
current available incineration capacity, the market price of the incineration gate 
fee is set at just a fraction less than the landfill cost to maintain a competitive 
advantage. The current UK incineration gate fee is around £103 ($139.6) and 
the landfill gate fee with tax is £104 ($141.0) (Liu, 2016b). It has been predicted 
that in 2018, incineration capability will be surplus to demand which would bring 
down the incineration gate fee to a genuine value of around £60 to £90 ($81.3-
122.0) and this in turn would make incineration a more attractive end-of-life 
option in the UK (Liu, 2016b). For the US, the US national renewable energy 
laboratory (NREL) states that the average cost of waste incineration is $58 per 
tonne (NREL, 2012). In China, the incineration cost is around ¥1200, equivalent 
to $180.6 (China Daily, 2014). The costs shown above are the incineration cost 
for ordinary waste, but the cost can vary for composite waste. Halliwell 
estimated the charge for GFRP incineration to be £120 to £150 per tonne in 
2006, equivalent to $264.7-$330.9 in 2016 (Halliwell, 2006), but she did not 
state how this estimation was made. 
 
At this moment, there is no composite waste incineration facility in operation 
and Amey Cespa waste management believes technology is the barrier (Liu, 
2016b). The progress of industrial grade WTB waste recycling is highly reliant 
on government policy and market demand. If the government issues a 
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regulation that completely forbids landfilling composite waste, this waste will be 
incinerated. On the other hand, since the supply of waste incineration facilities 
in UK is less than demand at present, incineration facilities naturally choose 
waste that they are familiar with and waste that is easy to incinerate. When the 
incineration capacity is surplus to the waste supply, incineration facilities would 
begin to seek other waste incineration opportunities such as incinerating wind 
turbine blade waste. The cost would be rationalised. At that time, incineration 
routes for WT blade waste recycling would become established.  
 
Besides the traditional route, incinerating composite waste in a waste burner 
alone, another widely-accepted incineration route is a combined process 
whereby composite waste is burnt in a cement kiln to recover the energy from 
the resin and to reuse ash from waste mixed with other feedstock as fillers in 
cement production. The recycling cost is reported as being €114, equivalent to 
$170.4 in 2016 (Jacob, 2011). Since this cost is reported from real WT blade 
incineration operations, we think it is more accurate than the data from other 
sources. Hence $170.4/t is used as the unit cost for incineration. 
 
The recycling benefit is that each tonne of composite waste can substitute for 
600 kg of coal as fuel for the cement kiln (Orenda Energy Solutions, 2014). 
Based on EIA’s conversion rate, the value of electricity generated by 600 kg 
coal is $58.7/t (U.S. Energy Information Administration (EIA), 2017).  
6.4.3.3. Mechanical Recycling 
In the mechanical recycling process, after being dismantled from the wind 
turbine, the decommissioned WT blade is cut up by mobile saw into metre-sized 
pieces that can be transported by a common large truck. In the second step, the 
metre-sized pieces are fed into a shredder reducing their size to between 25 
and 100 mm. Then the scrap is fed to a hammer mill to further reduce the size 
of the pieces to between 5 and 25 mm (Pickering et al., 2015). The scrap is 
then sent to multi-stage classifications to be classified into fibrous product and 
fillers. 
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The pre-cutting cost is described in Section 6.4.2.3 as $40/t. The shredding cost 
is reported as £35/t (Li, Bai and McKechnie, 2016) which is around $58.5/t. The 
total cost for mechanical recycling consists of the costs in pre-cutting ($40), in 
transportation ($32.5) and in shredding ($54.2) which is $126.7/t. 
 
The recyclate yields 28% coarse recyclate, 42% fibre and 30% powder by 
weight. The coarse recyclate can be reprocessed once or multiple times and 
transformed into fibre and powder products (Palmer, 2009). In this case, the 
products will be fibre and powder only. The end product ratio is 58.3% fibre and 
41.7% powder by weight. The overall loss is assumed to be 5% (i.e. the overall 
yield rate is 95%). The recycled fibres experience several stages of processing 
including compounding, moulding, shredding, grinding and separating, each of 
which may introduce new flaws to the fibre surface and potentially reduce their 
strength (Palmer, 2009; Palmer et al., 2009). Experiments show that their 
tensile strength is reduced to 78% of that of virgin fibre. 
 
The recyclate value is calculated as (fibre yield rate * virgin short fibre cost * 
recycled fibre value rate + filler yield rate * filler cost * recycled filler value rate) * 
(100%-overall loss rate) * fibre content by weight in the blade composite. Hence 
the total recyclate value for mechanical recycling is 
(58.3%*1300*78%+41.7%*310*100%)*95%*60%=$410.6/t.  
6.4.3.4. Fluidised-Bed Process 
Pickering and colleagues estimated the direct expenses of a commercial-scale 
fluidised-bed recycling factory to be $908k with 6000 tonnes of annual capacity 
based on the 1997 USD price, which included the cost of transport, raw 
materials, labour, methane gas, electricity utilities, maintenance and repair as 
well as laboratory charges (Pickering et al., 2000). Considering that the USD 
inflation from 1997 to 2016 was 49.5%, the total cost would be $1358k 
according to the 2016 USD price. As the recycling capacity is 6000 tonnes per 
year, the cost per tonne would be $243.1/t. Note that the energy cost, the sum 
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of methane gas and electricity, is $453k out of $908k which is around 50% of 
the direct manufacturing expenses. 
 
Pickering et al. assumed the waste would be transported within a radius of 80 
km and the cost to be $10 per tonne, which is equivalent to $15 per tonne at the 
2016 price. This seems lower than reality would suggest, because the 
transportation costs identified here for the same radius start from $28.7/t (see 
Table 6.11). For greater accuracy, therefore, we exclude his transportation 
costs from the calculation and adopt our own values. In the base case, we 
assume the blade is transported within a range of 240 miles and that each truck 
is able to load all the waste from one blade. Based on these assumptions, the 
transportation cost is estimated to be $101.3/t (Table 6.10). 
 
Pickering et al. did not mention the cost of waste preparation. He considered 
the sheet moulding compound (SMC) component as the feedstock. This 
material is much smaller and easier to process than a wind turbine blade. 
Hence extra waste preparation is needed for the blade waste before recycling. 
The pre-process cutting cost is assumed to be the same as that for mechanical 
processing which is $40/t. Secondary size-reduction is needed but the scrap 
does not need to be as fine as in mechanical recycling, so the cost is less. We 
assume the cost for this part of work is half the cost of shredding ($27.1/t). 
Taking all numbers into consideration, the overall cost of the fluidised-bed 
process would be $411.4/t. 
 
The recyclate value is calculated using the same method as for mechanical 
recycling. Considering the output, the fibre yield rate is 44%. The filler yield rate 
is reported as 7.6% (Pickering et al., 2000). Most organic material is burnt 
during the recycling process. The overall loss rate is assumed to be 5%. After 
being processed at 450°C, the recycled fibre strength reduces by 50% 
(Pickering et al., 2000). The overall recyclate value from the fluidised-bed 
process is ((44%*1300*50%)+(7.6%*310*100%))*95%*60%=$176.4/t. 
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6.4.3.5. Pyrolysis 
At present, the fluidised-bed process and pyrolysis are two technologies that 
are mature and which are able to recover relatively clean fibre from composite 
waste. The process of pyrolysis is slightly simpler than that of the fluidised-bed 
process which leads to relatively lower equipment costs (Tuner, 2015). The 
resultant recyclate performance is also marginally better (see Table 6.6). These 
two advantages lead to pyrolysis being the only recycling technology in 
commercial operation at this moment, mainly used for CFRP recycling (Job et 
al., 2016). However, no numerical reports regarding its cost have been found. 
Assumptions need to be made. 
 
As the processing mechanism of pyrolysis is thermal treatment, it is the same 
as that of fluidised-bed process. The processing temperatures of these two 
technologies are similar but the equipment needed for pyrolysis is simpler, and 
we therefore assume that the recycling cost of pyrolysis is 10% lower than the 
fluidised-bed process. This leads to the recycling cost of pyrolysis being 
$218.7/t. By putting the pre-process cost, the transportation cost and the 
recycling cost together, the overall cost of pyrolysis is $387.1/t. 
 
The solid residue yield rate including fibre and filler is 70.7% by weight for 
composite waste made with epoxy resin, glass fibre and carbon fibre 
reinforcement recycled through pyrolysis under 400 °C (Cunliffe, N Jones and 
Williams, 2003). The ratio of fibre and filler in the residue is not mentioned. 
Optimistically, we assume the solid residue contains 80% fibre and 20% filler by 
weight. In the other words, the fibre yield rate is 56% and the filler yield rate is 
14%. The over processing loss is set to be 5%. The strength of the recycled 
glass fibre is 52% compared to that of virgin fibre (Cunliffe, N Jones and 
Williams, 2003). The recyclate value of pyrolysis is calculated as 
(56%*1300*52%+14%*320*100%)*60%*95% = $223.9/t. 
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6.4.3.6. Microwave Assisted Pyrolysis (MAP) 
The main advantage of microwave assisted pyrolysis (MAP) is that it is energy 
saving. In the process, the material is heated in its core, so the heat transfer is 
very fast and potentially saves energy (Lester et al., 2004; Job et al., 2016). The 
energy consumption of MAP recycling is around 10 MJ/kg which is only one 
fourth that of conventional pyrolysis (Suzuki and Takahashi, 2005). So far, MAP 
has not been successfully commercialised. 
 
No MAP recycling cost estimation has been found and so assumptions are 
made as follows. As shown in Section 6.4.3.4, for the fluidised-bed process the 
energy cost is around 50% of the recycling cost. Because both the fluidised-bed 
process and MAP are thermal recycling methods, MAP energy costs are 
assumed to comprise the same proportion of the final recycling cost, namely 
50%. Furthermore, as the MAP recycling mechanism is similar to pyrolysis 
except for the heating method, MAP is assumed to have a similar cost level 
including equipment, labour and transport. The different heating methods lead 
to energy saving for MAP and also energy cost. MAP energy consumption is 
around ¼ that of conventional pyrolysis (see Table 6.4) and we have assumed 
that the energy cost comprises 50% of the recycling cost, so the recycling cost 
of MAP is (50%*1/4+50%)*$218.7=$151.9/t. The pre-process costs and the 
transportation costs are same as conventional pyrolysis. Putting all these 
together, the overall cost of MAP is $320.3/t. 
 
There is no literature to indicate the tensile strength and yield rate of GF 
recycled through the MAP process. However, the retained flexural strength of 
composite made with 25 wt% GF recovered through MAP from 
decommissioned WT blades has been reported as 83% compared to that made 
with 100 wt% virgin GF. The flexural modulus drops by 25% (Åkesson et al., 
2012). As the mechanisms of MAP are similar to those of conventional 
pyrolysis, we daringly assume the tensile strength of recovered fibres and the 
yield rate of MAP recyclate to be the same. The recyclate value is thus taken to 
be same, namely $223.9/t. 
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6.4.3.7. Chemical Recycling (Hydrolysis/Solvolysis) 
 UK Compared to convection oven 
Lab convection oven ~£1,000 or $1,300 100% 
Lab vacuum oven ~£3,000 or $3,900 300% 
Chemical reactor 
pressure vessel ~£25,000 or $ 32,200 2500% 
Table 6.13: Typical cost of lab equipment for thermal and chemical recycling, but may vary depending 
upon the specification and volume. Source: (Cole-Parmer, 2017; Rucklidge, 2017). 
Quite a few methods have been attempted to recycle composite though 
hydrolysis or solvolysis under various temperatures, pressures, and solvents, 
and under subcritical or supercritical conditions. Most of the recycling reactions 
happen under high pressure and a high temperature which requires 
sophisticated chemical reactors and, furthermore, leads to high costs (see 
Table 6.13). Moreover, in the fluidised-bed process and pyrolysis, the waste is 
processed consecutively. In chemical recycling, the waste is batch processed 
which leads to a lower processing capacity and to a higher unit processing cost 
than that of thermal recycling. Currently, all chemical recycling technologies are 
still at a laboratory scale, so recycling costs have not yet been estimated. Based 
on the complexity of the chemical recycling process and high equipment 
requirements, we assume the cost of chemical recycling is triple the cost of the 
fluidised-bed process, and is $729.2/t. Cutting and size reduction costs and 
transportation costs are assumed to be the same as for thermal recycling. The 
total cost of chemical recycling is then $897.5/t. 
 
Chemical recycling is able to recycle not only fibre and filler, but also reclaim the 
high value resin (Yang et al., 2012). This is the major advantage of chemical 
recycling for GF compared to other recycling technologies. The tensile strength 
of recycled GF is between 47% and 67% of that of vGF (Shuaib and Mativenga, 
2015b). A median has been taken as 58% for the recyclate value calculation 
(Kao et al., 2012). The yield rate is nearly 100% (Keith, Oliveux and Leeke, 
2016). All solid output is assumed to be fibrous product. The overall processing 
loss is set to 5%, which is mainly loss in feedstock preparation. The recycled 
fibre value is 58%*1300*100%*60% (fibre ratio by weight) *95% = $429.8/t. The 
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recovered resin is degraded as well (Dang et al., 2005; Yang et al., 2012), but 
the actual performance and yield rate of the reclaimed resin have not been 
stated in the literature. The resin performance is assumed to be 50% that of 
new resin. The reclaimed resin value is calculated as 50%*5571*40% (resin 
ratio by weight)*95% = $1058.5/t. The total recyclate value from chemical 
recycling of GF is therefore $1488.3/t. 
6.4.3.8. High Voltage Fragmentation (HVF) 
High voltage fragmentation (HVF) uses repetitive high voltage electrical pulse 
discharges within a dielectric liquid environment (typically water) to disintegrate 
solid material. The voltage required is normally between 100 - 200 kV (Shuaib 
et al., 2016). Such a reaction has very high requirements in terms of equipment, 
so the recycling cost is assumed to be higher than that of conventional thermal 
recycling. However, since HVF does not need a high pressure chemical reactor 
and the reaction medium is water which is cheaper than strong acid solvent, we 
assume HVF costs are slightly lower than those of chemical recycling. We 
assume the recycling cost of HVF to be 2.5 times that of the fluidised-bed 
process which is $607.6. Adding on the cutting and transportation costs, the 
total cost of the HVF process is $776.0/t. 
 
The tensile strength of HVF reclaimed GF is reported as 88% that of virgin glass 
fibre (Rouholamin et al., 2014). No yield rate data has been located in the 
literature. The yield rate is assumed to be 90% in the base case. The overall 
processing loss rate is set to be 5%. We assume all outputs from this process 
are fibrous products, making the HVF recyclate value $604.5/t. 
6.4.3.9. Life extension 5 years 
Since the relationship between the length of extended lifetime and cost is linear, 
we choose a life extension (LE) of 5 years as an example to analyse. The costs 
for 2 years and 10 years extension can be easily derived from this. 
 
Two actual medium-size wind farms have been adopted as the sample to 
analyse the life extension cost. Both of them are 50 MW, with 10 years of 
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operation up until 2016 and adjacent to each other in Zhangbei, 300 km North 
West of Beijing. Each of them is equipped with 66 units of 750 kW turbines. No 
detailed statistical data on the material consumption of every repair has been 
collected by the maintenance team; however, rough defect rates and material 
consumption data have been gained through visits, and are presented in Table 
6.14. The blade reparation works are classified into major, intermediate and 
minor works depending on the size of defects/flaws. Minor defects may exist on 
each blade which are mainly caused by sand/small stones hitting the blades. 
Intermediate and major defects caused by design defects or aging rarely 
happen, but they need much more material to repair and the work is more time 
consuming. Based on the defect rate and the material consumption for each 
reparation, the total material usage in 2015 for these two wind farms is 
calculated as (100*1/200+10*1/10+0.5*2.5)*66*2*3=1089 kg. This number is in 
agreement with the record of maintenance team (approximate 1 tonne) (Zhang, 
2016). For each wind farm, the material usage is 544.5 kg. 
Repair Size Defect rate per blade per year 
Material 
consumption/kg Flaw/crack size 
Major 1/200 100 1m< 
Intermediate 1/10 10 20cm-50cm 
Minor 2.5 0.5 10cm-20cm 
Table 6.14: Blade defects and reparations frequency for a 10 years old wind farm near Beijing (Zhang, 
2016). 
 
In the life extension period, as the blade operates longer than the designed 
lifetime, we assume that the blades need more frequent maintenance and 
repair. The repair demand in the extended period is assumed to be double that 
of the designed lifetime which means the repairing material demand is doubled 
to 1089 kg per year for each wind farm. The repairing material consists of 60% 
fibre and 40% resin by weight. The cost of epoxy resin is $5571/t and the cost 
for glass fibre fabric is $1610/t. Based on the information above, the annual 
material cost of life extension is calculated as (5571*40%+1610*60%)*1.089 = 
$3479 per wind farm. 
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The maintenance team typically use a pickup truck that can carry four people 
and all the equipment needed for repairs (Zhang, 2016). The standing costs 
including insurance, road tax and depreciation of such a car priced between 
£13k and £18k is £3011 per year. The running cost is estimated as £21.14 
pence per mile (The Automobile Association (AA), 2014). Typically, wind farms 
are located in remote areas. The maintenance team live in nearby towns. Both 
the commute between the town and wind farm and the travel within the wind 
farm should be considered. The travel distance is assumed to be 50 miles per 
day. The other conditions are: 1) there are 251 working days per year; 2) since 
the maintenance work for two wind farms is not full time work for one team, 
each team covers 5 adjacent wind farms. Then, the annual maintenance 
transportation cost during a blade’s lifetime is estimated as 
(3011+0.2114*50*251)/5 (five wind farms)*1.529 (GBP to USD)*1.014 (USD 
inflation rate) = $1,889 per wind farm. During the life extension time, the 
workload is doubled, so the annual transportation cost is doubled, $3,778 per 
wind farm. 
 
Typically, four people constitute a maintenance team: one team leader is in 
charge of observing and supervising; one worker holds the securing rope of the 
lift cage; two workers operate the cage and repair defects. The average salary 
of workers in Europe and the US is assumed to be £100 ($153) per day. The 
annual labour cost then is (100*4*251*1.529)/5 = $30,692 per wind farm. As the 
work load doubles with life extension, the labour requirement doubles. The 
labour cost becomes $61,385 per wind farm. 
 
As shown in Table 6.15, by summing up the material cost, transportation cost 
and labour cost, the annual total cost for life extension is calculated as $68,641 
for a 50 MW wind farm. Total costs for 2, 5 and 10 years’ life extension can be 
calculated simply through multiplying this number by number of years, giving 
$137k, $343k and $686k. Since the costs of other EoL options are calculated in 
USD per tonne, the cost of the life extension needs to be converted into the 
same unit for comparison. Each 750 kW turbine blade weighs 2.9 tonnes 
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(Zhang, 2016). A 50 MW wind farm has 66 turbines. Each turbine consists of 3 
blades, therefore there are 398 blades in total. Total blade weight is 574.2t. The 
average cost for 5 years’ life extension is $343,207/574.2 = $597.7/t. 
 
An advantage of the LE option is that it postpones material consumption from 
new replacement blades. The financial value of this option is estimated in the 
same way as in the environmental impact model, namely that when the blade 
designed lifetime is 20 years and the blade life is extended by 5 years, the 
benefits from this life extension is 25%. In the other word, an LE of 5 years 
saves 25% of the blade material. Since there is no price list for all the materials 
in blade manufacturing, an approximation needs to be made. From the BoM for 
a typical 1.5 MW blade, fibre and resin constitute more than 93% by weight and 
the remaining materials are inexpensive. Hence, if we estimate the full blade 
material value using only resin and fibre prices, it will not be far from the real 
number. Assuming that the blade consists of 60% fibre and 40% resin, we have 
a value for LE 5 years of (60%*1610+40%*5571)*5/20 = $798.6/t. 
Blade model 750 kW 2 MW 
Blade length/m 25.0 56.8 
Blade weight/t 2.9 12.5 
Material cost/$ 3,479 14,993 
Labour cost/$ 61,385 73,662 
Transport cost/$ 3,778 4,534 
Annual cost/$ 68,641 93,189 
5-year cost/$ 343,207 465,943 
Total blade material/t 574.2 2,475 
Cost per tonne/$ 597.7 188.3 
Recyclate value/$/t 798.6 798.6 
Net profit/$/t +200.9 +610.3 
Table 6.15: Estimated 5 years life extension plan cost for 750 kW and 2 MW blades. 750 kW blade 
specification from Kahn Wind. 2 MW blade specification from Sinoma 56.8. 
 
Blade size is a key factor affecting the cost of the LE options. Because all EoL 
costs have been converted into the unit waste cost, i.e. USD per tonne, the 
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weight of the blade strongly affects the unit cost. Consider the fact that the 
reference 750 kW turbines were the mainstream model in China between 2005 
and 2006 whereas the newly installed turbines are generally 2 MW or larger (Liu 
and Barlow, 2017), with a corresponding increase in blade weight from 2.9 
tonnes to 12-15 tonnes. If the maintenance and repair demand (repair 
frequency) of large blades remains the same as for small blades, material 
usage will increase and the reparation work will be more time consuming, but 
the inspection and maintenance workloads should not change significantly since 
this mainly depends on the number of blades. It is likely, therefore, that labour 
and transportation may not increase proportionally to weight and hence we here 
assume that while material cost increases in proportion to blade size (a 4.31-
fold increase in this case), the labour and transportation costs increase by a 
fixed 20% for large blade. After this calculation, the life extension cost of a large 
blade reduces to $188.3/t, which is 69% lower than that of a small blade. The 
equivalent unit recyclate value is the same as 750 kW LE 5 years which is 
$798.6/t. In this case, the net profit for LE is more than $600/t which is triple 
what was estimated for the base case (750 kW blade). Hence for the cost 
estimation on LE, blade size should be borne in mind. Data details are provided 
in Table 6.15. 
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6.4.4. GF results and discussion 
6.4.4.1. Net cost/profit (without indirect costs) 
Figure 6.15: Comparison of cost, recyclate value and net profit for EoL options for GFRP waste from WT 
blades. 
The total recycling costs, recyclate values and net profits of each glass fibre 
EoL option are summarised in Figure 6.15. This overview illustrates our key 
findings: three EoL options make a profit (mechanical and chemical recycling, 
and LE 5 years) and the remaining six are in deficit. Each category of option will 
be taken in turn for discussion. 
 
For the conventional waste processes, the recycling costs of landfill and 
incineration are around the same. Since the incineration process can recover 
energy equivalent to $59 per tonne waste, this makes the net cost of the 
incineration lower than landfill. 
 
Of the mature recycling options, mechanical recycling is the only one to make a 
profit. The recycling cost of mechanical recycling is very low compared to other 
recycling processes as this process is less complex. The other mature recycling 
technologies, the fluidised-bed process and pyrolysis, recycle the fibre through 
thermal processes. The energy consumption is high and more equipment is 
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necessary. The yield rate and performance of the fibrous product recovered by 
the thermal processes are also lower than those of mechanical recycling. Hence 
the fluidised-bed process and pyrolysis are more likely to lose money through 
recycling glass fibre blade waste. These losses are in a similar range to the 
landfill cost, over $150 per tonne. There is no incentive to scale up these 
technologies for financial gain, and therefore, if these two technologies were to 
be used to recycle glass fibre blade waste, subsidies would be necessary. 
 
Of the lab-scale technologies, MAP, chemical recycling and HVF, chemical 
recycling has been found to be the most profitable, and is by far the most 
profitable of all EoL options. Although the equipment cost is very high, chemical 
recycling can reclaim extra high value resin which is its main advantage. 
Consequently, the recyclate value is high and able to cover the high recycling 
cost. It should be noted that Keith et al. (2016) states that the yield rate of 
chemical recycling is almost 100% and this figure has been used in the 
recyclate value calculation. This figure has been estimated in the lab and it may 
vary when the process scales up, affecting recyclate value. The resin value is 
also optimistically assumed to be 50% that of new resin although this has not 
been determined in the literature. All these uncertainties need to be further 
addressed in future research. Microwave assisted pyrolysis (MAP) requires only 
a quarter of the recycling energy of conventional pyrolysis (see Table 6.4). This 
advantage significantly cuts down the recycling cost of MAP and reduces its net 
cost to $96.4/t. This figure is the closest to the profit and loss breakeven within 
all options, but leading to a small loss. If the recyclate performance or the yield 
rate improves, then the recyclate value increases and it could be possible to 
operate MAP without subsidy. In contrast, high voltage fragmentation (HVF) 
shows losses which are mainly due to its high energy consumption along with 
high equipment costs. The glass fibre recovered from HVF, however, is 
considerably stronger than the fibre recovered by the thermal and chemical 
treatments (see Table 6.6, 88% compared to around 50%). If the high costs can 
be reduced in the future, HVF offers much potential for profit-making. 
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The life extension plan (LE) is profitable with a profit margin of $200.9/t, just 
lower than that of mechanical recycling. The drawbacks to LE are the repair 
service reliability and the willingness of wind farm owners to extend the lifetime 
of blades. As with other products, more problems may occur towards the end-
of-life of blades and these are unavoidable. The function of a wind turbine is the 
generation of electricity which, in turn, makes money for the wind farm. Possible 
high failure rates may lead not only to extra repairs to the blade but also to huge 
losses in electricity sales while the repair is being made. Furthermore, in the 
case of the blade being accidentally severely damaged and needing a whole 
blade replacement, the process may take up to a few months. This would lead 
to an overall loss rather than a gain for life extension. Some blade 
manufacturers and third party service providers (Gamesa Corporación 
Tecnológica, 2015; Natural Power, 2015) have just started offering a life 
extension programme to their customers, but it is still in the initial stages and 
the relevant standards were launched in March 2016 (DNV GL, 2016). The 
reliability of blade life extension is still questionable. Furthermore, there is 
another potential barrier: the willingness of wind farm owners. As stated in 
Chapter 2, new blades have a higher aerodynamic efficiency than older blades 
made 20 years ago, which can improve the annual electricity production (AEP) 
by 2-4% leading to a higher income. In addition, blade cost is quite low 
compared to the value of the extra electricity generated. The cost of a new 
blade can be recovered in a short time. In sum, these reasons may encourage 
wind farm owners to opt for new blades rather than extend the lifetime of 
existing blades. It also reveals that the EoL options should not simply be 
considered in terms of the recycling processing costs and recyclate value alone. 
Other factors such as the willingness of stakeholders should also be 
considered. 
 
In the GF recycling cost estimations above, all the variables have been 
estimated or assumed as accurately as possible, but because of the maturity of 
the technologies and the limited cost transparency, some data may be 
inaccurate. This inaccuracy may have a large impact on the judgement of the 
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‘optimal’ EoL choice and on the judgement of industrial scale up feasibility. In 
the following section, we will perform sensitivity tests to analyse the possible 
scenarios surrounding key variables in order to ensure accurate estimations. 
The key variables include regional landfill costs, the recycling cost coefficient of 
chemical recycling and HVF, the recyclate value of thermal recycling 
technologies, regional features in labour costs, equipment costs and energy 
costs, and the indirect cost. 
6.4.4.2. Regional landfill cost 
As introduced in Chapter 4, China, Europe (the UK), the US and rest of the 
world were selected as four featured regions sharing similar wind energy 
installed capacities and wind industry development speeds. We adopt the same 
regions for the following analysis. 
Figure 6.16: Landfill costs in UK, US and China compared to fluidised-bed process and pyrolysis.  
In Figure 6.16, the landfill costs of the UK (used as reference in the base case), 
the US and China have been compared with three mature recycling 
technologies (data from Table 6.12 and Figure 6.15). In the base case, the net 
costs of the EoL options have been compared with UK landfill costs since the 
majority of cost data are collected from the UK and Europe. As Europe has 
some of the most restrictive environmental regulations in the world, in another 
words, high landfill costs - and the UK landfill tax has significantly increased 
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over the last twenty years (£7/t or $10.9 in 1996 to £84.4/t or $114.4 in 2016, 
Politics.co.uk 2015), it may not be representative of the situations elsewhere. 
We need to consider the actual situation in those other regions. In this case, as 
technology can easily be transferred between regions, we assume the recycling 
costs are the same globally. As shown in Figure 6.16, the costs of pyrolysis and 
HVF are less than the cost of UK landfill which leads to these recycling options 
being favourable, based on financial incentives. However, since landfill costs in 
China and the US are only around $60 per tonne, 65% lower than in the UK, the 
costs of these recycling options in China and the US are much higher than the 
corresponding landfill costs, which would instead lead to these operations being 
seen as financially unfavourable. The development of such recycling 
technologies would then rely on government support rather than on the power 
of market. However, if the landfill tax/cost continues to increase to encourage 
environmental protection, such as to over $200/t in the future, this would push 
the development of recycling and make the high cost technologies more 
favourable. Strong policy, such as forbidding composite landfill, or financial 
subsidy would otherwise be needed.  
6.4.4.3. Recycling cost sensitivity analysis  
Figure 6.17: Recycling cost sensitivity test for chemical recycling. 
Chemical recycling requires a high pressure and high temperature chemical 
reactor making it expensive (Oliveux, Dandy and Leeke, 2015). However, no 
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analysis of chemical recycling costs has been found in the literature. As shown 
in Figure 6.17, in the base case, we assume the recycling cost of chemical 
recycling to be three times that of the fluidised-bed process. Here we test the 
impact of recycling cost on net cost and identify the breakeven for chemical 
recycling. Firstly, transportation and pre-process costs are assumed to be the 
same as the initial setting since this data has been collected from industrial 
partners and will not strongly fluctuate or be far from the actual cost. Secondly, 
the recycling cost of chemical recycling is increased from two times that of the 
reference recycling cost (the fluidised-bed process). For this recycling cost 
coefficient of 200%, the net profit is $833.8/t. Then we continue to increase the 
recycling cost and find the breakeven of the net cost. We find that the 
breakeven happens at the cost coefficient of 543% (1.81 times higher than the 
base case). When the cost coefficient increases to 600%, recycling each tonne 
of waste leads to a loss of $138.4. When the cost coefficient increases to 700%, 
the loss becomes $381.5 per tonne and chemical recycling becomes 
unfavourable as a financial prospect. 
Figure 6.18: Recycling cost sensitivity test for HVF. 
HVF has a similar high equipment requirement to chemical recycling since the 
HVF needs ultra high voltage pulses to break down the composite pieces and 
which requires high processing energy, leading to high energy cost. As 
presented in Figure 6.18, in the base case, the recycling cost of HVF is 
assumed to be 2.5 times that of the fluidised-bed process in which case HVF 
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recycling makes a loss of $171.5 per tonne. As there is no evidence as to how 
much the HVF process costs, we now investigate the effect of varying the 
recycling cost on the net profit. In the sensitivity test, the transportation and pre-
process costs are set to remain the same. The recycling cost coefficient is 
increased from 100%, the point at which the recycling cost is the same as that 
of the fluidised-bed process. In this case, because of the good recyclate 
performance, HVF can make $193.1/t profit. By increasing the recycling cost 
coefficient, the breakeven ratio is found to be 179%. When the recycling cost 
coefficient is lower than this value, HVF can make profit, otherwise it makes a 
loss. We further increase the recycling cost coefficient to 300%, which is higher 
than base case estimation, and this leads to a loss of $293.0/t.  
 
Following the above, since the recyclate has high value, chemical recycling is 
more tolerant to the recycling cost variation. Even if the recycling cost is 5 times 
higher than fluidised-bed process (1.81 times higher than the base case), 
chemical recycling still can make a profit. The tolerance of HVF is much lower, 
with the breakeven point at 1.79 times the cost of fluidised-bed process. 
6.4.4.4. Recyclate value sensitivity analysis 
In the base case estimation, some of the EoL options make a profit while others 
make a loss. This is determined by the recyclate value and recycling cost. A 
number of assumptions have been made in the recyclate value and cost 
estimations. In the last section, the effect of recycling cost has been discussed, 
and here we undertake a sensitivity analysis of recyclate value in order to test 
the robustness of the results and to reduce their uncertainty. As landfill, 
incineration and life extension have no recyclate, they will not be included. The 
recycled fibre values of mechanical recycling, the three thermal recycling 
technologies, chemical recycling and HVF are discussed here. 
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Figure 6.19: Breakeven points for GFRP recyclate values. 
In the base case, mechanical recycling and chemical recycling are profitable 
(Figure 6.19). The recyclate value sensitivity test indicates that when their 
recyclate values are reduced by 69% and 40%, their net profits reach 
breakeven. The fluidised-bed process, pyrolysis, MAP and HVF in contrast 
show a loss in the base case; if, however, through technological developments, 
either their recyclate performance or yield rate can be increased such that their 
recyclate values improve by 133%, 73%, 43% and 28% respectively, they can 
achieve breakeven in recycling operations. 
 
We have assumed that the unit recyclate value is directly proportional to the 
tensile strength of the recycled fibre. The actual situation may not be this 
optimistic. In reality, the fibre value is not determined by its strength only and 
the directly proportional relation may vary. It is possible for a high-performance 
fibre price to be a few times, even ten times, higher than a low-performance 
fibre price (this is the case for CF and GF). There is therefore a need to analyse 
the impact of recyclate value reduction on the financial performance of EoL 
options. Since the majority of the recyclate value from GFRP chemical recycling 
is from resin, the value of the recycled fibre has only a marginal impact on its 
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net cost and, consequently, chemical recycling is excluded here. The recyclate 
values have been set to vary between 0% and -50% of the base case. 
Recyclate 
value 
changes 
Mechanical Fluidised bed Pyrolysis MAP HVF 
0% 283.9 -235.0 -163.2 -96.4 -171.5 
-10% 242.9 -252.6 -185.6 -118.8 -231.9 
-20% 201.8 -270.3 -208.0 -141.2 -292.4 
-30% 160.7 -287.9 -230.4 -163.6 -352.8 
-40% 119.7 -305.6 -252.8 -185.9 -413.3 
-50% 78.6 -323.2 -275.2 -208.3 -473.8 
Table 6.16: Effect of reduced recycled fibre values on the net cost in $/t. 
As shown in Table 6.16, reducing the recyclate value has effects of different 
magnitudes on the net cost of EoL options. It has a more negative effect on 
options with high-value recyclate such as mechanical recycling, MAP and HVF. 
In the worst case (-50%), the net profit of mechanical recycling reduced to 28% 
of the original, and the net loss of MAP and HVF increases over 215%. In 
contrast, the net cost of the fluidised-bed process only increases 37%. 
However, although the magnitudes of profit and loss change when the recyclate 
value is reduced compared to the base case, their nature does not change: the 
profitable option still makes a profit and the other options a loss. 
6.4.4.5. Regional features 
The major direct costs of recycling processes consists of the labour cost, 
equipment cost and energy cost. These vary based on the regional geography, 
economy and technology. The effects of regional features on net cost are 
discussed here. 
 
Starting with the labour cost, in China, the daily wage for a well-trained worker 
is around ¥300 ($47.5), which is several times lower than that of western 
countries (Indeed, 2016). Here, we assume the labour costs in Europe and the 
US are three times those of China. 
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Moreover, as China is a large manufacturing country with a very strong low/mid-
end manufacturing industry, industrial equipment costs are low. On the other 
hand, Europe has a strong high-end manufacturing industry and also top-quality 
equipment, but at very high cost (Table 6.17). The US equipment is also 
advanced, but we are assuming generally the cost is fractionally lower than 
Europe. Hence, we assume that the equipment cost in Europe is five times that 
of China and the equipment cost in the US is four times that of China. 
 Europe China Difference 
Chemical reactor 
pressure vessel ~£25,000 or $ 32,200 ~¥45,000 or $6530 ~5-fold 
Table 6.17: Equipment costs in the UK and China. Typical costs of lab equipment are listed but vary upon 
the specification and volume. Source: (Cao, 2017; Cole-Parmer, 2017; Rucklidge, 2017). 
 
Figure 6.20: Industrial electricity prices including taxes ($/MWh). Source: China National Grid and  (Evans, 
2015). 
Industrial electricity prices for major countries vary considerably (Figure 6.20). 
There is a significant difference in electricity prices between European 
countries: Italy’s cost, for example, is double that of Germany, and Germany’s 
cost is 60% more than Denmark. Hence it is not reasonable take the average 
energy as a reference for the cost calculation. Instead, we choose the United 
Kingdom to represent Europe since the UK has one of the largest wind energy 
installed capacities in Europe and the price of industrial electricity is around 
Europe’s median. The energy costs of the UK, the US and China are $148.6, 
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$68.3, $126.8 per MWh, respectively. If we set the energy cost index of the US 
as one, then the energy cost index for the UK is 2.17 and for China it is 1.86. 
Cost indices for labour, equipment and energy are summarised in Table 6.18. 
Cost index Europe United States China 
Labour cost 3 3 1 
Equipment costs 5 4 1 
Energy cost 2.17 1 1.86 
Table 6.18: Recycling process cost index for different regions. 
 
Pickering et al. (2000) estimates the direct manufacturing cost of a fluidised-bed 
process plant and puts energy costs at 50%, labour costs at 17% and other 
costs, mainly equipment cost, at 33%. We assume the ratios of these costs for 
other EoL options are the same. Then, we apply the cost index in order to 
analyse the differences between regions. For example, the labour cost in China 
is assumed to be ¥300 ($47.5) per day. The labour cost in the Europe and US is 
three times that which is $142.5 per day. Then we apply the same method to 
the energy cost and equipment costs. Results for the fluidised-bed process as 
an example are given in Table 6.19. 
Recycling cost Europe 
United 
States 
China Ratio 
Labour cost per person per day $142.5 $142.5 $47.5 17% 
Equipment cost per year $299,742 $239,794 $59,948 33% 
Energy cost per MWh $148.6 $68.3 $126.8 50% 
Table 6.19: Comparison of direct costs for recycling processes. Labour cost estimated based on worker 
daily salaries found online. Equipment cost for Europe from Pickering’s data, the others calculated based 
on assumptions. Energy cost from Figure 6.20. 
 
By applying the same method to the other EoL options, the costs for different 
regions can be obtained (Table 6.20). Generally, benefiting from the low labour 
and low equipment costs, the net profits of EoL options in China are higher than 
both the US and Europe. Looking at individual options, HVF has the most 
significant variations between regions. Since both the energy consumption and 
equipment costs are quite high, HVF benefits significantly from being in a region 
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with low energy and low equipment costs. The net cost of HVF changes from 
having the second biggest loss when in the EU (-$171.5/t) making a profit when 
in China ($24.9/t). The other options also see noteworthy changes: MAP 
reduces its loss by 50% from Europe to China, and the fluidised-bed process 
reduces its loss by 35%. Since financial performance is one of the most 
important factors in policy and the decision-making process, these changes will 
surely affect the choice of ‘optimal’ EoL option. At the stage of real policy 
making and commercial operation, local conditions as exemplified above should 
be carefully considered. 
Net cost/$ Europe	 United States	 China	
Fluidised bed (235.0) (171.3) (156.4) 
Pyrolysis (163.2) (105.9) (92.5) 
MAP (96.4) (56.6) (47.3) 
Chemical 590.7 781.8 826.5 
HVF (171.5) (12.2) 24.9 
Table 6.20: Comparison of net costs for GF EoL options between EU, US and China. Recycling cost 
estimated based on cost index listed in Table 6.18. Transportation cost is assumed to be the same for all 
regions in this part of calculation. Only high energy consumption processes are considered. Mechanical 
and life extension are not included since their direct cost may have a different composition which makes 
them hard to estimate.  
6.4.4.6. Indirect cost 
The direct cost is a cost that can be traced directly to a product or activity 
(Investopedia, 2017). It typically includes the costs from the labour, utilities 
(electricity and fuel), plant hire, materials and consumables, plant maintenance 
and vehicle maintenance. The indirect cost includes the costs from legal and 
professional services, licences and insurance, taxes, management overheads, 
financing, depreciation and other (IT, telephony and office). The total direct cost 
of operating a waste management plant is around 67% and the total indirect 
cost is around 33% with 9% depreciation, as reported by Amey Cespa 
Waterbeach waste management (Kendall, 2017). This figure may vary between 
the EoL routes, such as landfill or incineration. Since there is no more accurate 
publicly available data for this, we assume these rates are the same for all EoL 
options in this research. Hitherto, we have only considered the direct cost. To 
take into account indirect costs, the total cost is recalculated such that direct 
costs (previous recycling costs) now only constitute 67% of it (except for landfill, 
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incineration and life extension) and the recyclate value is kept the same. The 
costs of the landfill and incineration are market prices which include the indirect 
cost already, hence they do not need to be recalculated. The cost of life 
extension is mainly generated from labour cost (see Table 6.15). The fixed 
capital cost is low compared to other EoL options, so the effect from 
depreciation is negligible. The depreciation cost is assumed to be zero and the 
total indirect cost for life extension is then 24%. The net recycling costs are 
recalculated taking into account indirect costs (Figure 6.21). 
Figure 6.21: The effect of operating expenses on the financial performance of EoL options. Operating 
expenses are set to 33% of total manufacturing cost for all options except life extension. Operating 
expenses set to 24% for life extension as it does not include depreciation. Operating expenses and 
depreciation rate are provided by Amey Cespa Waterbeach (Kendall, 2017). 
As shown in Figure 6.21, the net profit from mechanical recycling slightly 
reduces to $257.2/t. There is no significant change as the recycling cost of 
mechanical recycling is low. For the fluidised-bed process, because of the high 
recycling cost, the extra indirect cost increases the loss to $368.1/t. For 
pyrolysis, the net loss increases to $284.3/t. In the original setting, MAP made a 
marginal loss; when the indirect costs are considered, its loss nearly doubles to 
$184.6/t.  The net profit from chemical recycling reduces to $218.2/t. For HVF, 
due to its high processing cost, indirect costs dramatically increase its net loss 
to $484.1/t. LE keeps making a profit, but it is significantly reduced to a fraction 
of the original, to $12.1/t. The indirect cost is more applicable when the EoL 
option expands to industry scale. The results show that the figure may change 
when indirect costs are considered, but similar to the effect of recyclate 
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variation (Section 6.4.4.4), the nature of the financial performance does not 
change, in that the profitable option still makes a profit and the other options a 
loss. 
 
The next section addresses the financial performance of EoL options for carbon 
fibre waste in a similar manner. 
6.4.5. Carbon fibre recycling 
The value of carbon fibre (CF) ($24-74/kg) is 20 to 40 times higher than glass 
fibre (GF) ($1.2-1.6/kg). The reason is that the carbonizing and graphitizing 
processes involved in the making of CF are highly energy consuming with 
processing temperatures of up to 2480 °C (McConnell, 2008). As a 
consequence, the embodied energy of carbon fibre is much higher than that of 
glass fibre (183-286 MJ/kg for CF compared to 52 MJ/kg for GF, Suzuki & 
Takahashi 2005; Das 2011; Granta Design 2016). Therefore, in terms of both 
economic and environmental impact, recovery of CF is more valuable.  The EoL 
options available are similar for GFRP and CFRP waste. However, as fibre 
features differ between GF and CF, details of the recycling processes differ 
which include the temperature, processing time, recyclate performance and 
yield rate. This information is introduced and discussed by EoL option below. 
6.4.5.1. Landfill and Incineration 
The cost of landfilling CFRP is nearly the same as landfilling GFRP since the 
processes are nearly the same. The small difference is that CFRP is generally 
stronger than GFRP (Hull and Clyne, 1996) which leads to the size reduction 
process needing more effort and leading to a higher cost (Hedlund-åström, 
2005). It will not strongly affect the cost of coarse size reduction but may affect 
the fine size reduction processes such as the shredding and grinding in 
mechanical recycling. However, this amount of extra cost for landfill is negligible 
when compared to other costs such as the transportation and landfill tax. 
Hence, we assume the landfill cost of the CFRP blade material is the same as 
GFRP blade material which is in the range of $171-$217 per tonne.  
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For incineration, the possibility of incinerating CFRP with energy recovery either 
by itself or co-processed in cement kiln has been discussed (Hedlund-åström, 
2005; Halliwell, 2006; Pickering, 2012; Li, Bai and McKechnie, 2016). Witik 
pointed out the heating value of CFRP is three times higher than that of GFRP 
which provides a higher energy recovery potential, but the energy output of 
incineration has not been stated (Witik et al., 2012). In practice, as the fibre 
value is high, incineration of CFRP waste is unusual. More advanced recycling 
technologies have been more commonly considered (Jiang et al., 2009; Liu, 
Shan and Meng, 2009; Turner, Pickering and Warrior, 2011). No commercial 
scale CFRP waste incineration cost has been reported. As the processes are 
quite similar, we assume the cost of incinerating CFRP is the same as GFRP. 
The incineration cost varies depending on the market situation (Liu, 2016b). At 
this moment, the cost of incineration is a bit lower than the landfill (around 
$170/t in Europe). A detailed incineration cost discussion was presented in 
Section 6.4.3.2. 
6.4.5.2. Mechanical Recycling 
Since CF has a higher strength than GF (4.8 GPa for high strength CF vs 2.0 
GPa for E-glass) (Hull and Clyne, 1996; Granta Design, 2016), CFRP waste 
may be more abrasive to the size reduction equipment (Hedlund-åström, 2005). 
Hence, we assume the cost of mechanical recycling for CF is 30% higher than 
that of GF. The transportation range is assumed to be the same and the 
transportation cost remains the same as GF. Based on these assumptions, the 
overall mechanical recycling cost is $225.5/t. 
 
Mechanical recycling damages the recycled fibre and the resin residue on the 
fibre surface would significantly reduce the bonding strength between the fibre 
and the new resin matrix in remanufacturing (Lauzé, 2014). This leads to the 
recycled CF being used only as filler material, or as an additional reinforcement 
in plastics (Ogi et al., 2007; Emmerich and Kuppinger, 2014). Such low value 
applications are obviously unfavourable for high value CF (Pickering et al., 
2016). Consequently, this causes data on mechanical recycling CFRP waste to 
be very limited. No mechanical performance and yield rates for recycled carbon 
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fibre (rCF) have been found. In order to estimate the recyclate value, two 
assumptions have been made. Firstly, as the rCF is being used only as filler 
material, we assume all the recycling output from mechanical recycling to be 
filler. Secondly, the yield rate of CF mechanical recycling is assumed to be 
100%. Similar to the GF, the overall processing loss rate by weight is assumed 
to be 5% which is the same for all CF EoL options. 
 
The recyclate value is calculated as filler yield rate* filler cost *overall yield rate* 
fibre content by weight in the blade, which is 100%*5090*95%*60%=$2,901.3/t. 
6.4.5.3. Fluidised-Bed Process 
The fluidised-bed processes for CF and GF are similar. The only differences are 
the different processing times and the temperature, which for CF is slightly 
higher, but they do not notably affect the recycling cost (Meng, 2016). We 
assume the recycling cost of CF is the same as GF, but the cost of size 
reduction is 30% higher than GF since CF is stronger. Hence, the total recycling 
cost of the fluidised-bed process is calculated as $431.6/t. 
 
The literature shows that the retained tensile strength of rCF reclaimed from the 
fluidised-bed process is 75% of vCF (Yip, Pickering and Rudd, 2002). As we 
assumed the recycled fibre value is proportional to its retained strength, the 
value of recycled CF (rCF) from the fluidised-bed process is then 75% of that of 
virgin fibres. The yield rate of rCF is around 60% (Meng, 2016). No filler yield 
rate has been found, but as the process is similar we assume the output of CF 
fillers is same as for GF in this process, which is 7.6%. The overall processing 
loss is 5%. Then, the fluidised-bed process recyclate value is calculated as 
(Fibre yield rate * virgin short fibre cost * recycled fibre strength ratio + filler yield 
rate * virgin filler cost) * overall yield rate * fibre content by weight in the blade, 
which is (60%*20800*75%+7.6%*5090) *95%*60%=$5,555.7/t. 
6.4.5.4. Pyrolysis 
Similarly, the pyrolysis processes for CF and GF are quite similar but with 
different processing times and reaction temperatures (Barnes, 2015; Meng, 
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2016). As with the fluidised-bed process, we assume the recycling cost remains 
the same as for pyrolysis of GF and that the pre-process cost increases by 
30%. Then, the total recycling cost of this option is calculated as $407.3/t. 
 
The tensile strength of rCF recovered from pyrolysis is reported as 80% to 96% 
of vCF (Meyer, Schulte and Grove-Nielsen, 2009; Onwudili, Insura and 
Williams, 2013); we adopt a conservative value, 80%. As ELG have announced 
that the rCF price is 70-80% of the virgin fibre price (Barnes, 2015), the market 
price of rCF gives support to our assumption of the relationship between the 
recyclate value and strength. There is no pyrolysis yield rate for recycling CF 
given in the literature and we here assume the yield rate for CF is the same as 
for GF which is 56% for the fibre, and 14% for the filler. The recyclate value is 
$5,717.7/t. 
6.4.5.5. Microwave Assisted Pyrolysis 
A similar situation is found for MAP. No processing cost or recyclate yield rate 
have been found, and since the process is similar, we assume the processing 
cost of CF MAP is the same as for GF MAP and that the yield rate is the same 
as in conventional CF pyrolysis. Only the cost of size reduction is higher. Hence 
the total recycling cost is calculated as $358.7/t. The recovered rCF appears to 
have a better retained strength compared to the fluidised-bed process and 
conventional pyrolysis at 80% that of vCF (Lester et al., 2004). The recyclate 
value is $5717.7/t. 
6.4.5.6. Chemical Recycling 
For CF chemical recycling, the recycling cost and transportation cost have been 
assumed to be the same as for GF chemical recycling. The pre-process is 30% 
higher than for GF recycling making the total recycling cost $917.7/t. 
 
The retained tensile strength of rCF recovered by chemical recycling is reported 
as 87% to 106% of vCF (Liu et al., 2004; Hyde et al., 2006; Piñero-Hernanz et 
al., 2008; Jiang et al., 2009; Liu, Shan and Meng, 2009; Okajima et al., 2009; 
Bai, Wang and Feng, 2010; Okajima, Watanabe and Sako, 2012). Many 
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chemical recycling methods with different reactive media and conditions have 
been tested. As they are all at lab-scale, it is hard to judge what strength level 
can be achieved in future industrial-scale recycling. We here take a median 
value of 96% for the recyclate value calculation. The retention rate of fibre after 
the solvolysis process has been claimed to be nearly 100% (Keith, Oliveux and 
Leeke, 2016). Moreover, the yield rate (100%) and retained value (50%) for 
resin are assumed to the same as in the assumptions made in GF chemical 
recycling. The overall process loss rate is set to be 5% including the loss in the 
pre- and post-processes. The recycled resin value is then calculated as 
$1,058.5/t and the recycled fibre value as $11,381.8/t. The total recyclate value 
is $12,440.3/t. 
  
With the same assumptions in place, the value of the recovered resin is the 
same for GFRP and CFRP. Due to the low value of GF and the significant 
performance loss, for each tonne of waste recycled, the value of the recycled 
GF, $430, is much lower than the recycled resin value $1,060 and the 
recovered resin plays a dominant role in the GF recyclate. However, in contrast, 
in CF waste recycling, the value of the recovered resin, $1,060, is quite small 
compared to the substantial value of the rCF, $11,400. From an economic 
perspective, the most important recyclate transits from resin to fibre as we move 
from GF to CF. Because of this, the recycling process settings should be 
optimised for recycled fibre performance and fibre yield rate rather than resin.  
6.4.5.7. High Voltage Fragmentation 
No literature focusing on the CF HVF processing cost has been found. We 
assume the recycling cost of HVF for CF is the same as in GF which is at 
$607.6/t. The total recycling cost of CF HVF recycling is $796.2/t. 
 
Weh (2012) reports that the strength of a rotorcraft door hinge made with rCF 
from HVF is 83% compared to a virgin hinge. As no direct tensile strength data 
has been found, we assume the tensile strength of rCF recovered from the HVF 
process is 83% of vCF. The yield rate is assumed to be the same as GF HVF at 
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90%. The overall process loss rate is 5%. The recyclate value is then calculated 
as $8,856.4/t. 
6.4.5.8. Life extension 5 years 
We assume that the material usage and workload in maintenance are the same 
for CF and GF blades, and thus that the labour cost and transportation cost are 
the same. Only material cost is different: since CF ($26/kg) is much more 
expensive than GF ($1.6/kg), the material cost is higher. Based on these 
assumptions, the cost of 5 year’s life extension for a CF blade is $1056.6/t. 
One major benefit of life extension is the avoidance of new material 
consumption. 5 years is 25% of the 20 years designed lifetime, so the benefit is 
equivalent to 25% of the total value of the virgin fibre and resin used in the 
blade. Then, the total recyclate value for 5 years life extension is calculated as 
$4457.1/t. 
6.4.6. CF results and discussion 
6.4.6.1. Net cost 
Figure 6.22Comparison of cost, recyclate value and net profit for EoL options for CFRP waste from WT 
blades. 
For GF, most of the EoL options would run at a loss (see Figure 6.15, Section 
6.4.4.1). The situation for the CF is quite different. Since the value of CF is high, 
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the effect of recycling cost is significantly reduced and the factors that affect net 
cost relate to recyclate value rather than recycling cost. Therefore, the EoL 
options that result in high recyclate performance and have a high yield rate are 
more profitable.  
 
As shown in Figure 6.22, of all the CF EoL options, landfill and incineration 
alone are not profitable. They waste the high value CF and cannot be 
recommended for CF waste. All the other options are profitable. For ready-to-go 
technologies, the net profit of mechanical recycling is lowest at around 50% 
lower than the other ready-to-go technologies. This is because the recyclate 
value is lower (fillers only for mechanical recycling compared to fibres with a 
retained strength of around 80% for the fluidised-bed process and pyrolysis, see 
Table 6, Section 6.3.2.4). The net costs of the fluidised-bed process and 
pyrolysis are quite close and the ‘optimal’ option for ready-to-go recycling 
processes would be either the fluidised-bed process or pyrolysis. In the 
industrial implementation stage, it may depend more on the technology 
readiness and feasibility than cost. 
 
For the lab-scale technologies, the net profit of MAP is similar to that of 
pyrolysis but dramatically lower than that of chemical recycling and HVF. 
Chemical recycling performs the best mainly due to the minimal performance 
loss of the recycled fibre and its capability of recovering extra resin. HVF’s 
position with regard to CF is completely different to its position for GF waste (-
$172/t, the third highest loss, see Figure 6.15). The recyclate strength and yield 
rate from HVF is better than thermal recycling, and, consequently, the high 
recyclate value entirely overcomes the drawback of its relatively high recycling 
cost. The net profit of HVF is the second highest of all EoL options. Additionally, 
since LE consumes new high cost fibre in repairs which raises its costs, and 
also because the equivalent recyclate value is lower than other options, LE’s 
performance is worse than that of the lab-scale technologies. 
Reducing the Environmental Impact of Wind Turbine Blades 
178   
6.4.6.2. Recycling cost sensitivity analysis 
In the sensitivity test for GF EoL options, we discussed factors affecting the net 
profit/cost and the ‘optimal’ EoL option, which consist of the regional landfill 
cost, recycling cost coefficient, recyclate value, regional features and indirect 
cost. Here, we discuss these for CF EoL options. 
 
The costs of landfill and incineration, no matter how they change, are never 
competitive compared to other CF recycling options, so they are unfavourable 
and need not be discussed further. The recycling cost coefficient, regional 
features and indirect cost are all related to the recycling cost. In order to simplify 
the calculation, we put them together as an integrated variable, total recycling 
cost, for the sensitivity test. In the test, the overall cost of each EoL option, 
including the pre-process cost, transportation cost and recycling cost, has been 
set to vary to find the breakeven point. 
 
Figure 6.23: Recycling cost sensitivity test for CF EoL options.  
As shown in Figure 6.23, the results reveal that breakeven for recycling costs 
lies between 1012% and 1642%. This means that, given the high fibre value, 
the recycling cost is not a significant factor in the net profit/cost of the recycling 
operations. Even if the recycling cost is far higher than the base case 
estimation, making a profit from the recycling activity is still possible. 
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Nevertheless, two points should be noted. Firstly, when the recycling cost 
increases, the profit margin decreases. It reduces the incentive of stakeholders 
involved and could have negative effects on the development CF waste 
recycling. A rational profit margin is necessary. Secondly, with the increasing 
demand for CF, the production volume has increased in recent years, leading to 
a decrease in the price of vCF (Pichler, 2016). In the future, if the vCF price 
keeps decreasing but the recycling cost remains the same, the recycling profit 
margin will be reduced. 
6.4.6.3. Recyclate value sensitivity analysis 
Figure 6.24: Recyclate values sensitivity test for CF EoL options. 
The recyclate value is another key factor affecting the net profit/cost of EoL 
options. The recyclate value is affected by the unit recyclate value and the yield 
rate. We put them together as an integrated variable in order to simplify the 
calculation. In the sensitivity test, the integrated recyclate value decreases from 
base case until the net profit reaches the breakeven. As presented in Figure 
6.24, for the base case recycling cost, the breakeven of recyclate values for all 
EoL options are all under -90%, indicating that even if recyclate values reduce 
by more than 90%, the recycling activities are still profitable. Therefore, the 
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recyclate value is not a key influencing factor here. Even if there is inaccuracy in 
the estimation of recyclate value, the effect on net profits is small and the net 
profit margin is quite high. 
6.5. Summary and conclusion 
6.5.1. The environmental impact 
Figure 6.25: EoL environmental impact comparison between three blade models. 
Figure 6.25 is the same as Figure 6.10 and has been re-presented here for 
discussion. As we can see from the blue line, since the benefit from recycling is 
not obvious for GF, and some EoL options have a higher environmental impact 
than simply landfilling from the environmental perspective, it is open to debate 
whether it is worth recycling GF blade waste. The ‘optimal’ option for GF blade 
waste is life extension which reduces the maximum environmental impact and 
allows time for the recycling technologies to develop. It is better to wait until the 
processing energy is reduced or the recyclate performance is improved, at 
which point WT blade waste can be recycled in a more beneficial way. If we 
want to recycle GF blades today, mechanical recycling is the ‘optimal’ choice as 
it is a mature technology and can reduce the overall environmental impact by 
10%.  
 
The picture is different for CF. Hybrid blades and even full CF blades are 
development trends (see details in Section 2.2.6 and Section 5.4.4). As carbon 
fibre has a high embodied energy, the more CF in the blade, the lower the 
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contribution of processing energy to its net impact and the more obvious the 
recycling benefits. For CF, EoL options with high recyclate performance and 
high yield rates are preferred, and chemical recycling becomes the ‘optimal’ 
option. This has the highest recycling benefit and can reduce the net impact to 
56% that of landfill. Although life extension can reduce the net impact more, the 
blades still need to be recycled at the end of their extended life and thus it is not 
a final solution.  
6.5.2. Financial performance 
Figure 6.26: All EoL options net profits comparison for CF/GF from WT blade. Combined from Figure 6.15 
and Figure 6.22. 
The net profit/cost of EoL options for GF and CF are presented together for 
comparison in Figure 6.26. Starting from the left, for the conventional EoL 
options (landfill and incineration), both GF and CF make losses of the same 
magnitude. However, the overall context is different. For GF, the loss from 
conventional processes is at the same level as that of other more advanced 
recycling technologies. In contrast, for CF, other EoL options for CF could make 
substantial profits, which leads to a significant comparative disadvantage for 
conventional options for CF, but not necessarily for GF.  
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Turning to the ready-to-go technologies, mechanical recycling is the only 
profitable recycling process for GF and without doubt therefore the ‘optimal’ 
recycling option. Life extension makes a profit just smaller than mechanical 
recycling, so it is the ‘optimal’ non-recycling option. The fluidised-bed process 
makes the highest loss among ready-to-go technologies, so it not worth 
considering for GF. However, the situation completely changes for CF recycling. 
Due to the significant performance loss of rCF, mechanical recycling becomes 
the lowest profit option of the mature technologies. Benefiting from its good 
recyclate performance, pyrolysis is the most profitable option for CF recycling of 
the mature technologies. Its profit is 50% higher than that of mechanical 
recycling. But the difference between pyrolysis and the fluidised-bed process is 
tiny (less than 4% on net cost), making it hard to determine the ‘optimal’ option 
based on financial performance only.  
 
For the GF lab-scale technologies, MAP makes a loss, HVF makes a loss; 
chemical recycling is the most profitable option. For CF, chemical recycling is 
still the most profitable option, but the major valuable recyclate changes from 
resin to fibre. HVF changes from a loss-maker for GF to the second most 
profitable option for CF. MAP makes profits but at the same level as the mature 
thermal recycling technologies. Since it consumes high cost vCF, the cost of LE 
is high. The net profit of LE becomes one of the least profitable of all non-
recycling options (besides landfill and incineration).  
 
One key difference between CF and GF that should be noted here is sensitivity 
to recycling cost and recyclate value. Most GF recycling options result in a 
meagre profit or loss. They are very sensitive to variations in recycling cost and 
recyclate value. Increasing recycling cost or reducing recyclate value would 
have strong impacts on the profitability of GF recycling. In the other words, the 
profit generated by the GF recycling operation itself will not be the key incentive 
in developing a GF composite waste recycling industry. Relevant regulation or 
government financial subsidy would be necessary to assist the development. 
On the other hand, recycling CF benefits from its high fibre value and is much 
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less sensitive to the recycling cost and recyclate value. CF recycling can 
tolerate dramatic variations in these and can still make considerable profits from 
the recycling process when the recycling cost is much higher or the recyclate 
value is much lower than the base case estimation. The profits made out of the 
CF recycling process itself would drive the development of the industry. 
Therefore, GF recycling needs either subsidies or policy to support its 
continuing development, whereas CF recycling can rely on market forces.  
6.5.3. The optimal EoL option 
The environmental and financial performance of EoL options are considered 
together with technology readiness level to address the question of the ‘optimal’ 
EoL solution. The ‘optimal’ options for GF blade waste and CF blade waste are 
discussed separately below. 
 
First we discuss GF blade waste. In general, because of its low recycling 
benefit, the net environmental impact of four out of nine EoL options is higher or 
equal to landfill. Others can slightly reduce the impact by a maximum of 14% 
excluding the non-recycling option of life extension. Six out nine EoL options 
make financial losses. Mechanical recycling and LE can make a meagre profit 
and chemical recycling can make a remarkable profit as it can recover the high 
value resin. Since chemical recycling is still in lab-scale and LE is a non-
recycling option, at this moment, therefore, there is no single EoL option which 
can recycle GF waste with an environmental impact significantly below that of 
landfill and with a proper profit margin. The best choice is to wait: put in place a 
life extension program, or store the EoL waste in a place that will not cause 
pollution or damage the materials until progress has been made in recycling 
technologies, such as improving the recyclate performance and reducing the 
processing energies, which would result in a better, ‘cost effective’ EoL option.  
 
However, if the blade waste must be processed, for legislative reasons, for 
example, then we analyse the options by technology readiness level. For the 
conventional options, incineration is better than landfill since the energy output 
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of the incineration option is 4.16 MJ/kg. This has in fact been demonstrated by a 
commercial co-process plant in Germany (Orenda Energy Solutions, 2014). 
Although the amount of energy recovered is quite small, compared to the 
recycling benefits from other EoL options something can be recovered, which is 
an improvement on landfill. In addition, incineration significantly reduces the 
waste volume, reducing the environment burden in the future, which is another 
advantage. Turning to the ready-to-go or nearly ready-to-go recycling options, 
only mechanical recycling is able to reduce the impact (by around 10%) and 
make profits. The fluidised-bed process and pyrolysis have net environmental 
impacts higher than landfill and need to be subsidised, hence they are 
unfavourable options. Lab-scale options perform better than the mature options, 
but not much more. Chemical recycling is the ‘optimal’ among these and can 
reduce the impact by 14% and recover both fibre and resin. Since the value of 
resin is quite high compared to that of glass fibre, the financial performance of 
chemical recycling is good: it can make a profit of $591/t, more than double the 
next most profitable.  
 
Now we analyse the EoL options for CF waste starting with the conventional 
options. Incineration is better than landfill as it can recover energy and reduce 
the volume of waste sent to landfill. Given the high value of CF, none of 
conventional options is a good choice as they waste these high value fibres. For 
the ready-to-go and nearly ready-to-go recycling options, all three technologies 
can reduce the environmental impact by around 10%. Because the fluidised-
bed process and pyrolysis have higher performing recyclate, their net profits are 
better. The environmental impact of the fluidised-bed process is lower but 
pyrolysis is slightly more profitable. The differences in these two measures, 
however, is negligible. It is hard to say which option is more ‘optimal’ based on 
the results of environmental impact and financial performance. At present, 
pyrolysis is more mature as there are a few businesses in operation processing 
the manufacturing in-process CF waste. The fluidised-bed process is more 
suitable for the EoL waste but only has one pilot plant in operation. When both 
are in industry level operation and there is a stable waste supply for both the 
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manufacturing in-process waste and end-of-life waste, we think the ‘optimal’ 
mature option would be dependent on the processing capacity and actual 
recyclate performance. For the lab-scale technologies, chemical recycling 
recovers the CF with the highest tensile strength and the highest yield rate; it 
reduces the maximum environmental impact and reclaims the maximum 
recyclate value. Therefore, it is the ‘optimal’ choice in terms of both 
environmental and financial prospects. The performance of HVF is also strong. 
Although its net profit is lower than that of chemical recycling, it is not so very 
different, and its recycled fibre is much stronger than the fibre recovered from 
mature technologies. Noting that both are lab-scale technologies, it may be that 
as they are scaled up to commercial operations HVF’s performance will become 
as good as chemical recycling in the future and HVF could thus be another 
‘optimal’ option. 
 
To sum up, we believe the ‘optimal’ EoL option for GF WT blades is life 
extension or stacking in a safe place (‘waiting’) until recycling technologies 
mature. If they must be recycled, mechanical recycling is the ‘optimal’ option at 
this time and chemical recycling is likely to be the ‘optimal’ option in the future. 
Incineration is a reliable conventional option to recover energy and reduce the 
waste going in to landfill. In contrast, because of the high value of raw materials 
and better recycled fibre performance, CF can afford high ‘cost’ recycling 
processes in terms of both environmental impact and financial cost. At this 
moment, the ‘optimal’ choice is the fluidised-bed process or pyrolysis. In the 
future, chemical recycling or HVF are very likely to be more successful. The 
‘optimal’ options and rationale for their choice under different scenarios are 
summarised in Table 6.21. The advantages and disadvantages of all recycling 
options are summarised in Table 6.22. 
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Scenario GF blade waste CF blade waste Remarks 
Conventional 
(Landfill+incineration) Incineration Incineration 
• Lower cost compared to landfill 
• Possible energy recovery 
• Waste size reduction for 
landfilling 
Ready to go/nearly 
ready to go 
(Mechanical+fluidised-
bed 
process+pyrolysis+LE) 
Mechanical/LE Fluidised-bed process/pyrolysis 
• GF: Lower environmental 
impact than conventional 
options. 
• CF: Mature technologies with 
acceptable recyclate 
performance 
Lab-scale 
(MAP+Chemical+HVF) Chemical Chemical/HVF 
• Chemical recycling provides 
significant environmental 
impact reduction and 
profitability for both CF and GF 
 
‘Optimal’ out of all 
options at this moment LE/Incineration 
Fluidised-bed 
process/pyrolysis 
• GF: No ‘optimal’ choice at this 
moment. LE to reduce the 
impact and allow time for 
technology development. 
Incineration to reduce the waste 
volume. Incineration recovers 
energy and reduced the landfill 
volume. 
• CF: Mature technologies with 
acceptable recyclate 
performance 
‘Optimal’ as a recycling 
option at this moment Mechanical 
Fluidised-bed 
process/pyrolysis 
• GF: Mechanical could 
marginally reduce the impact 
and make profits. 
• CF: Mature technologies, the 
decision depends on feasibility 
and profitability 
‘Optimal’ in the future Chemical Chemical/HVF 
• High recyclate performance and 
high yield rates 
• Chemical has maximum impact 
reduction and maximum 
profitability 
• Although the profit of HVF is 
25% lower than chemical 
recycling, HVF has strong 
potential for CF in the future. As 
there are lots of uncertainties in 
lab-scale technologies, the 
situation may change and the 
high value of CF enables 
considerable tolerance of 
processing costs. 
Table 6.21: ‘Optimal’ options summary with remarks. 
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EoL options Readiness level Advantages Disadvantages 
Mechanical Mature 
• High throughput 
• Low energy consumption 
• Low capital cost 
• Available at commercial scale 
• Downgraded quality of 
recovered fibres, especially 
impacts the value of CF 
Fluidised-bed 
process Nearly mature 
• Acceptable fibre strength 
retention 
• Good yield rate for CF 
recycling 
• Available at pilot scale, nearly 
ready to go 
• Complex process need more 
investment than mechanical 
process 
• Challenge to reduce cost and 
make profit for GF 
Pyrolysis Mature 
• Acceptable fibre strength 
retention 
• Available at commercial scale 
• Energy intensive process 
• Challenge to reduce cost and 
make profit for GF 
LE (non-
recycling) 
Mature/nearly 
mature 
• Low capital cost 
• Partially avoid new material 
usage 
• Waste needs to be processed 
at the end 
MAP Lab-scale • The most energy-efficient of 
thermal processes 
• Challenge to increase process 
throughput 
• Lab-scale only 
Chemical Lab-scale 
• Best fibre strength retention 
• Able to recover high value 
resin 
• High process cost 
• Challenge to increase process 
throughput 
• Lab-scale only 
HVF Lab-scale • Very good fibre strength 
retention 
• High process cost 
• Challenge to increase process 
throughput 
• Lab-scale only 
Table 6.22: Summary of different EoL options. Partially modified from Shuaib 2016. 
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7. CONCLUSION AND FUTURE 
WORK 
7.1. Introduction 
This chapter brings together the findings and their discussion to summarize the 
knowledge gained from this study. This is followed by a consideration of its 
limitations and the opportunities for future work. 
 
The main aim of this study is to understand the environmental impact of wind 
turbine blades and to find solutions to reduce it. A quantitative approach 
supplemented by qualitative methods is adopted with the best available data to 
systematically analyse this problem from the WT blade waste inventory to the 
lifetime environmental impact, and, finally, to analyse the differences between 
all possible EoL options in terms of environmental and financial performance. 
Based on the results, recommendations for policy-makers and industry are 
given. 
7.2. Summary of findings 
The key findings for research questions are summarised in Table 7.1. More 
detailed explanations are following. 
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 Objectives Key findings Contribution to knowledge 
Q1: What is the wind 
turbine blade waste 
inventory? 
1. Update the waste 
inventory with state of 
art blade data with 
improved accuracy. 
2. Consider not only 
the end-of-life waste, 
but also the waste 
generated in other 
stages of WT blade 
lifecycle. 
3. Use bigger data sets 
to improve accuracy of 
waste projection. 
1. Global blade waste 
inventory in 2050 is 
estimated to be 
between 21.4 Mt and 
69.4 Mt, with the most 
likely case being 43.4 
Mt. 
2. Total waste from the 
other stages comprises 
an additional 16% to 
45% to blade mass. 
1. WT blade waste 
inventory has been 
accurately projected up 
to 2050. 
2. All the waste 
contributing factors 
have been identified 
and considered in the 
waste inventory 
estimation. 
3. Regional features of 
waste inventory were 
found and discussed. 
Q2: What is the lifetime 
environmental impact of 
wind turbine blades? 
1. Accurately 
understand the whole 
lifecycle environmental 
impact of WT blade. 
2. Identify the dominant 
lifetime stage for 
environmental impact. 
3. Characterize and 
quantify the recycling 
potential. 
1. The lifecycle 
environmental impact 
of WT blade has been 
identified and 
manufacturing has 
been identified as the 
dominate stage of 
lifecycle. 
2. Resin’s energy 
consumption and CO2 
emissions constitute 
47% and 42% of the 
overall impact 
respectively, which is 
the highest among all 
materials and resin 
thus has the greatest 
potential for impact 
reduction. 
3. CF blade has higher 
impact than hybrid 
which has higher 
impact than GF blade. 
1. The lifecycle stages 
and materials causing 
the most environmental 
impact have been 
identified which reveals 
the greatest potential 
for impact reduction. 
2. 7%wt non-resin/fibre 
supporting materials 
has been identified 
which was missing in 
previous research. 
3. Possible material 
transitions in the future 
have been discussed, 
which could increase 
the environmental 
impact. 
Q3: What are the 
differences between the 
possible EoL blade waste 
processing options? What 
is the ‘optimal’ EoL option 
for WT blades? 
1. Construct a unified 
model to quantitatively 
assess the difference 
between WT blade EoL 
options. 
2. Recommend the 
‘optimal’ solution under 
specific scenarios. 
1. Environmental 
impact models and 
financial performance 
models have been built 
to compare the EoL 
options of WT blades. 
2. Optimal solutions to 
WT blade waste have 
been identified under 
different scenarios. 
1. The differences 
between EoL options 
have been recognized. 
2. Optimal solutions to 
WT blade waste have 
been identified for both 
GF and CF blade 
wastes under different 
scenarios. 
Recommendations to 
solve this problem have 
been discussed. 
Table 7.1: Summary of key findings and contribution to knowledge. 
Research question 1: What is the wind turbine blade waste inventory? 
 
Previous research on this topic is limited to only two estimates of the WT blade 
waste volume each using a single linear relation between the rated power and 
unit blade material demand. Because WT blade technology is developing, many 
aspects of its design are changing. For example, the blade is up-scaling, 
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becoming larger and larger; the airfoil is becoming more slender; structural 
design is improving to make the blade increasingly lightweight. Such factors 
make for a varying relation between the rated power and unit material demand, 
and using a single linear relation to represent it and further estimate the waste 
volume is not accurate enough. To overcome this limitation and to offer a 
comprehensive and accurate estimation of the volume of EoL waste, we 
considered the rated power and blade mass data of more than 50 mainstream 
models covering examples from early stage models to super-sized launching 
models and classified them into five classes. Key analyses and findings are as 
follows. 
• The quantity of EoL waste given in previous studies was found to be only 
a part of the actual total. Manufacturing, transportation and the operation 
and maintenance stages of the blade lifetime also generate waste. If the 
EoL waste from decommissioned blades is 100%, total waste from the 
other stages comprises an additional 16% to 45%.  
• We use various scenarios to comprehensively consider factors affecting 
the waste inventory and thus to reduce the uncertainties in the inventory. 
The total WT blade waste inventory in 2050 is estimated to be between 
21.4 Mt and 69.4 Mt, with the most likely case being 43.4 Mt. 
• An accurate projection will help relevant policy making and strongly 
assist the development of the recycling industry. In contrast to previous 
rough estimations, we divide the global blade waste inventory into four 
major geographical regions based on the wind energy installed capacity, 
and estimate the amount and generation time of the blade waste for each 
region to further improve the accuracy of projection and the usability of 
the data. The results show that China, Europe, the United States and the 
rest of the world will need to process 40%, 25%, 16% and 19% of the 
blade waste respectively. China will face the biggest problem but Europe 
will face it first.  
 
Research question 2: What is the lifetime environmental impact of wind turbine 
blades? 
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Previous ecological studies on the WT blade are limited to one or two blade 
models or even a section of blade and these studies only consider the major 
blade materials: fibre and resin. They roughly assumed the ratio between fibre 
and resin to be 60:40 by weight. After analysing the bill of materials (BoM), we 
found that the assumptions used in previous studies differ from the actual 
situation in terms of material types and material consumption. We therefore 
improved the method and found: 
• A WT blade is not only made with fibres and resin but also made with a 
variety of other materials such as balsa wood and PVC used as core 
materials in the shear web, the steel bolts used in blade root connections 
and the paint used for coating. In fact, the major materials used in 
manufacturing a typical 1.5 MW blade are: 57.9%wt fibre, 31.0%wt resin, 
1.5%wt metals, 3.9%wt core materials, 1.6%wt coatings and 4.2%wt 
VARTM consumables. For the on-blade materials only, 7%wt supporting 
materials was missing in previous research.  
• In the manufacturing stage, fibre has hitherto generally been considered 
to be the biggest environmental burden as it comprises the largest 
proportion (58% by weight) of all materials used. However, after analysis, 
the reality was found to be rather different. Although the weight of the 
resin is only 31% of the total, due to the high unit impact of resin-related 
materials (resin, curing agent, adhesives), resin’s energy consumption 
and CO2 emissions constitute 47% and 42% of the overall impact 
respectively, 13% and 5% higher than those of fibres. The environmental 
impact from resin thus has the greatest potential for reduction during the 
manufacturing stage, with the impact from fibres coming second. 
Recycling resin or reducing the consumption of resin should be the first 
priority. It would be more effective than recycling fibres. However, this 
only applies to the current mainstream blade, the GF blade; the situation 
may change if the mainstream blade uses more CF in the future. 
• The environmental impact of hybrid blades containing CF is 26% higher 
than that of similar-sized full GF blades. This is because the unit energy 
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consumption in manufacturing CF is 5.5 times that of GF. The more CF 
used in a blade, the higher the environmental impact. Although full GF 
blades are still mainstream at this moment, the future of CF in the blade 
is unclear. If the proportion of hybrids increases, or indeed full CF blades 
appear, then the environmental impact will increase but the incentive to 
recycle blades will also increase.  
 
Research question 3: What are the differences between the possible EoL blade 
waste processing options? What is the ‘optimal’ EoL option for WT blades?  
 
Previous literature has summarized the current situation of WT blade waste 
which is mainly landfilling, partly incineration, with recycling under development. 
This literature has also partially discussed the feasibility of and prospects for a 
few EoL options for WT blade waste. However, the analyses are mainly 
qualitative and far from comprehensive, and no comprehensive guidance on 
solving this problem has been given. In order to fill this gap, we have chosen to 
use environmental impact and financial performance as a new angle from which 
to analyse the potential EoL options. It is the first time that the advantages and 
disadvantages of all EoL options have been analysed quantitatively and 
comprehensively using the same measures. We go further, also proposing an 
‘optimal’ option by considering these two key measures in conjunction with the 
technology readiness level and current progress in the industry. 
• Regarding environmental impact, we found the situations of GF, hybrid 
and CF blades to be different. For the GF blade, because of the relatively 
low recycling benefits, the environmental impact of four out of nine EoL 
options is higher than or equal to landfill. The other options can slightly 
reduce the impact, recycling options by a maximum of 14%. Life 
extension is the best among all options and can significantly reduce the 
impact by 48%. For the CF blade, benefiting from the high recycling 
benefits s, the recyclate value is far higher than the recycling energy 
consumption, and thus the net impacts of most EoL options are lower 
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than landfill. Chemical recycling has the most remarkable effect among 
recycling options and can reduce the net impact by 44%. The impact of 
the hybrid blade sits between the GF and CF blades and the feasibility of 
its recycling operations compared to landfill is very sensitive to the 
recyclate value. More accurate data is needed to determine the ‘optimal’ 
option for hybrid blades.  
• In terms of financial performance, only mechanical recycling and 
chemical recycling make a profit for GF waste, but even these profits are 
small compared with CF. All other recycling options make a loss and 
some of them even make a greater loss (i.e. cost more) than landfill. 
Hence, if recycling GF blade waste is preferred, government subsidies or 
mandatory regulations would be necessary. For CF waste, the situation 
is different. Since the raw fibre is very expensive, with insignificant 
performance loss in recycling, the retained value of the recovered carbon 
fibre is quite high. All recycling options for CF waste are profitable. The 
development of CF recycling can rely on market forces. 
• By considering the environmental impact, financial performance and 
technology readiness levels together, the ‘optimal’ option for GF blade 
waste is life extension or, alternatively, stacking it in a safe place to wait 
for progress in technology and processing it in the future. If the waste 
must be processed now, incineration or mechanical recycling are the 
current ‘optimal’ choices. On the other hand, because of the high 
recyclate value and better retained strength of recycled fibres, the 
‘optimal’ choice for CF is the fluidised-bed process or pyrolysis at this 
moment. In the future, when lab-scale recycling technology has matured, 
chemical recycling would be the ‘optimal’ choice for both GF and CF 
waste as the recyclate performance is good and the profit margin is high. 
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7.3. Implications and recommendations 
After quantitatively analysing the WT blade waste issue, the size and effect of 
the environmental problem caused by WT blades and the ‘optimal’ options to 
address it have been made clear. Firstly, these outputs could help policy 
makers to gain an understanding of  
• the size and severity of this problem 
• the available options and the degree to which they could ameliorate it 
• for each option, the policy which would need to be put in place and the 
amount of financial subsidy needed, if any;  
• the ‘optimal’ choices for different blade types both now and in the future.  
 
Secondly, the research output could encourage industry to take more account 
of environmental factors throughout the WT lifecycle. It can provide the 
recycling industry with an understanding of the size and timeline of WT blade 
waste and aid in advance planning. It can help blade manufacturers to 
recognize where the most impact is generated and to identify what to prioritise 
to reduce the waste and reduce the environmental impact. Thirdly, this work is 
of value to the academic community researching this field since it highlights 
some incorrect assumptions made in the past and provides findings to build on 
for future work. 
 
At this moment, the volume of EoL WT blade is relatively small, but as time 
goes on, more and more blades will reach their end of life. Blade waste 
increases sharply to 500 kt per year in 2029, overtaking the sum of all the other 
waste sources to form the largest waste source at that time. This end-of-life 
waste stream will annually generate more than 2 Mt of blade waste in 2050. 
There is a great need for more research to be undertaken to make WT blades 
more environmental friendly. 
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Specific suggestions arising from this research are:  
• For the next 20 years or even longer, before CF is used in the blades on 
a large-scale, the waste inventory will see GF waste as the majority. 
Current recycling technologies are barely able to make any profit, so if 
we want to encourage the development of WT blade waste processing, 
mandatory recycling regulations and government subsidies are needed.  
• Recycling technology is a key factor in addressing the WT blade waste 
problem, but not the only one. Other factors, like the market demands, 
supporting regulations, and infrastructure are all necessary. No single 
factor can be omitted. Only when they work in conjunction with each 
other will things change. 
• Future research areas could be to improve the performance of recycled 
fibre, to reduce the energy consumption in recycling processes at the 
EoL stage, or to use recoverable thermoplastic resin with lower viscosity 
and cost and which utilises natural fibre to reduce the environmental 
impact of WT blades from the design stage. Efforts made in technologies 
will impact the eco-factor. 
7.4. Limitations 
There are a number of limitations in this study, some of which have been 
discussed in detail in previous chapters. The others could be summarised as 
two major limitations. One is the access and availability of data which restricts 
the accuracy and confidence in the findings. This applies to multiple areas. For 
example, the mainstream manufacturing processes for WT blades are VARTM 
and prepreg and variations based on them. We could only obtain the bill of 
materials used in VARTM technology, and calculated the manufacturing in-
process waste based on this. The results cannot therefore represent the waste 
level of other manufacturing technologies. In addition, for the waste inventory 
estimation, although we try to consider all the possible factors affecting the 
waste inventory, projection is extrapolation into an unknown future. There are 
always uncertainties within it. 
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Another major limitation of this study is the lack of data and information from 
past research in relevant areas; few comparisons, therefore, with past research 
are possible. The research in this study can be considered exploratory. We 
have analysed the WT blade waste problem in a systematic manner and from a 
new angle, and have identified the key affecting factors and given suggestions. 
It is a systematic and integrated approach but is not very detailed. In addition, 
the assumptions made and discussed in the process of this research, such as 
those regarding the recyclate yield rate or the relationship between recyclate 
value and performance, will impact the results and vary between recycling 
plants or with market situation. Nevertheless, the limitations identified leave 
great potential for the future work. 
7.5. Future work 
This study updates the calculation method for the waste inventory to accurately 
estimate the waste inventory in different regions. Four major regions were 
selected to be analysed, but future work could provide better data for every 
country and region by calculating the waste in each region. The research 
presented in this thesis also could be updated to include other manufacturing 
technologies such as prepreg and direct infusion. This would improve the 
accuracy of estimation. 
 
The ‘optimal’ EoL option was judged by its environmental and financial 
performance under different scenarios. Since this work is at an exploratory 
stage, its accuracy has the potential to be improved. The reader should regard 
the results more as comparisons rather than focussing on the figures. When 
more accurate data become available, such as the processing energy of 
recycling in full scale implementations or the up-to-date marketing price of 
recyclate and the recycling cost, the environmental impact and financial 
performance model could be easily updated. This will help to put in place solid 
recycling regulations and further solve this WT blade waste problem. 
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APPENDIX A: INTERVIEW QUESTIONS FOR INDUSTRIAL 
PARTNERS 
Part 1: Question list 
Q1: What is the current market situation for wind energy? 
• How about the blades? 
• Who are the top blade manufacturers? 
 
Q2: Any regional features between blades? Like difference between the north 
and the south of China or difference between countries in Europe. 
 
Q3: What are the development trends of WT blades? 
• Up-scaling? 
• Lightweight? 
• How about the future? 
 
Q4: Where is the most manufacturing in-process waste generated? 
• Type of waste? 
• Possible to reduce? 
• Can I have the bill of materials for a few blade models from the old, 
current and launching models?  
 
Q5: Do you have any data about the workload of operation and maintenance? 
• Frequency? 
• Material consumption? 
• Workforce demand? 
 
Q6: What is the current situation for WT blade recycling? 
• Regulation? 
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• Recycling industry? 
• Viewpoint from the blade manufacturer? 
• What is the main problem to encounter? 
• What could be the main driver? 
 
Part 2: Visiting Presentation  
v Try to get their interest 
v Try to get feedback 
 
• What I am doing? 
• Why I am doing this? 
• What is the target? 
• What I have achieved? 
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APPENDIX B: SELECTED EXAMPLE OF BILL OF MATERIALS 
